gy ee——m T T s

>

NASA Contractor Report 165599 .

RIME ICE ACCRETION AND ITS EFFECT ON
AIRFOIL PERFORMANCE

M;chael B. B_ragg

The Ohio State University
Columbus, Ohio

(dasa=Ci=Tunuuy) panl ACe ACCLCL Lol AND Tin wdi=odlug

Lecbod Lo alngUds cob #2h avidl e Pusle Thenlae

Livda aepost (Waid otabte Uinlve, LCotUalua.)

Tod » ¢ adi/ae A C5C0 Ula Jlv et
BI/VL w4

March 1982

Prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Lewis Research Center
Under Grant NAG 3-28

-

U e




TABLE OF CONTENTS

NONENCLATURE iii
Chapter
I. INTRODUCTION 1
' II. REVIEW OPF LITERATURE 8
' 11I. THEORETICAL ANALYSIS 16
: Trajectory BEquation 16
» Trajectory Similarity Analysis 22 _
3 Modified Inertia Parameter 24
: Trajectory Scaling Parameter 27
: Plovwfield 33
v Droplet lmpingement Parameter 35
. Ice Shape Calculation 3y
ol Time Effects 43
: IV. NUMERICAL FORMULATION us
; Drouplet Trajectory Calculation 45 - S
b Plovfield 49
3 Yce Shape Calculation 50
" Jteration and Smoothing 51
)
]
E V. AERODYNAMIC ANALYSIS sS4
= Ice Shape Analysis 54
? Roughness Effects 56
- Analysis Procedure : 60
= VI. RESULTS AND DISCUSSION 62
7 Trajectory Analysis Validation 63
~ VMD Approximation _67 ;
: Scaling Parameter Validation —_ 68 ;
Trajectory Results H
} Ice Shape Calculation 77
{ Aerodynamic Analysis 84 3
' VII. SOMMARY AND CORCLUSIONS 92 |
4
REPEBRENCES 98
FIGURES 106 |

APPENDIX 155




PRECEDING PAGE BLANK NOT FILMED iid

| NONENCIATMEE .

i

| ' SYMBOL DESCRIPTION _

, v A ATea

Ac Accunulation parameter, Eg. (34)
B Bassett unsteady merory force B

i? c pirfoil chord length : - T

Y Cp Droplet drag coefficient

; ca Airfoil drag coefficient

1 ’ Ty Airfoil lift coefficient
Ccm Airfoil moment coefficient
D Viscous drag force
E Total_airfoil collection efficiency,

Fg. (28)
Fr Rroude number, Eq. (6)
g Gravitational acceleration constant
h Airfoil projected height
K Inertia parameter, Eg. (5)
3 Trajeétory similarity parameter, Eq. (24) —
Ko Modified inertia parameter, Eq. (1) i
k Roughness height )
£ Length of ice growth
! M - Mass of ice accretion
. m Mass of water droplet :

Ma Apparent maés force
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ORIGINAL PAGE IS
OF POOR QUALITY

Pressure gradient force
Droplet Reynolds number, Eg. (7)

birfoil surface radius of curvature, leading
edaoe radius

Drojlet free stream Reynolds number,
Eg. (12) T

Etfective radius of curvature, Eq. (38)

Rirfoil surface arc length

AMir temperature

Time

Free stream velocity

Local tloviield velocity
Cummulative volume percent
Horizontal and vertical coordinate
Airfoil angle of attack

Airfoil angle of attack when iced
Zero 1ift ancle of attack
Impingement efriciency, Eq. (25)
Apb%oximate draqg law exponent

Droplet diameter

Angle between surface outer normal and
vertical

Dimensionless droplet position
Impingement angle
Liquid water content of the cloud

Ratio of droplet trajectory to Stokes law
trajectory. RBg. (15)




U Absolute air viscosity
P Air density
o Droplet density
W{ Nondimensional tinme
) Angle between the droplet trajectory and outer
surfacehnormal at iumpact
v Angle between the droplet tra}ectory and the
vertical -at impact
Subscripts .
m Mmodel -
t Total _conditions
o] Initial condition

Superscripts
. Derivative with resypect to nondimensional time

- Vector notation




ST T T Ty T T T T

Tt v T ryTm—TeT T W

1. INTRODUCTION

The scientific study of aircraft icing began in the
1920's when aircraft were first relied upon for dependable
transportation and national defense. Recently the
increased utiliy of veneral aviation aircraft and
helicopters has resulted in an increased potential for
unfavorable encounters with ice. Advé;ces in avionics has
made instrument navigéiion very reliable and sufficiently
inexpensive to enable this equipment to be within reach of
most general aviation aircraft.

The aerodynamic penalties associated with flight into
known icine conditions are well known; a sharp dra: - se
and a reduction of maximum lift coefficient. However
avoiding icina by remaining on the around when such
conditions are iredicted results in an economic penalty of
loss of aircraft usefullnesc which is not easily accepted.
The physical processes involved in aircraft icing, and
therefore the solutiops to the icing problem, are very
complex.

Aircraft icing occurs when an aircraft penetrates in
flight a cloud of small super cooled water droplets. A.

portion of these drdplets impinge upon the leading edges
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of various aircraft components resultine in the growth or
accretion of ice. The accretion of ice and its effect on
the aircraft is a very difficult problem regquiring the
expeftise of many areas of science and engineering.
However most of the problem falls into one of tvwo
cateqories; thermodynanmics or aerodynamics.

I'he thermodynamics of airckaft icing dedls with the
process by whicﬁ the droplets which impinge on the surface
change from the liguid to the solid pﬁ;se. Two types of
ice accretions can be identified and these are depictea in
figure 1. Rime ice férms a relatively streamline shape
extendina into the oncoming air, while gylaze ice is
characterized by the double horned shape. Table 1
summarizes the conditions under which each type of ice may

be exvected.

TABLE 1 ICE FORMATION

Rime Glaze
Liquid Water Content ——Llow Righ
Air Temperature — low Near FPreezing
Flight Velocity Low _ High
Freezina PFraction One- - Less Than One
Droplets Free?ze On Impact Flow On Surface
Ice Color White, Opaque Clear
Ice Density < 1 gm/cc 1 gm/cc

Rime ice occurs at lov air temperatures and at low liquid
vater contents (the concentration of water droplets in the

free stream) and low flight speeds. 1n rime icing the




droplets frecze on impact and a good approximation to this
growth can hbe pade by neglecting all thermodynamic effects
[1] . Glaze ice Occurs at temperatures slightly below
freezina and at relatively high 1liquid water contents and
hion flight velocities. An analysis ot glaze ice
accretion nmust 1nglnde the proper thermodynamzr modelling. s

Results of an aerodynamic wind tunnel test of a
simulated ice shape (2] are shown in figure 2. Large
increeses in orug ana a reduction in maximum 1ift
coefficient are shown for both tyves of ice. iggd
airfoils are difticult to analyze due to the severe
surface rouohness and large zones of Separated flow which
result from the irregular shapes of the ice accretions.
Only empirical methods are currently available to predict
this dearadation in ierformancoe.

Two aprroaches to the aircraft icing problem are
available. The first method is to prevent the ice from
forming (ant-icing) or to remove it peribdically (de~-
icina) from the aircraft component. MThie requires the
desian and installation of complex mechanical or thermal
Systems. These systeoms are usually designed as an -add-on
or retrofit to an existing component. The second approach
is to desiygn the component to eliminate or at leaQt

minimize the adverse ef fects of ice accretion. 5uch'a

component ;ould not allow ice to accrete, or the ice
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methods are difficult to formulate, including all the

! ]
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necessary indevendent variables, and can not be used

accurately to extrapolate beyond the Available data base.

{

An analytical approach does not suffer these limitations.

v

Properly formulated, this method will not only reproduce
existina experimental data, but can be used to evaluate
new airfoil decigns. The theoretical model may also

generate new insight into the icing problem.

To be most useful an analytical method mst be as

»
‘
»

self containea as possible. That'ié, not rely on
experimental results as input to-the analysis. The ?
analysis must contain in addition to the aerodynamic
analysis, a model of the ice accretion process. The only
inputs to the problem shou'd be the atmospheric icing
environment and flight conditions of the airfoil. The
logical first step in such an analysis would be to
initially study only rime ice accretion. Here the ,
therrmodynamics can b< ignored and the droplet dynamics and
aerodynamics can be emphasized. Rime ice is streamlined
in shape and conventional methods of aerodynamic analysis
forr unseparated flows.are_applicahle., Concentrating on .
rirme ice initially would provide insight into the problenr
vhile allowing time for the further development of methods
—for dealing with icing thermodynamics and the analysis of

~separated flows. . T




Vhile some aircraft icing areas such as
thermodynamics have received recent attention, the
analytical prediction of the acrodynanic performance of p

iced airfoils has not been studied. Little experimental
T et e v e
vork has been done since 1953 aud no attemprt has been made

to predict the performance degradation exverienced by iced

airfoils since Gray's empirical method [3] of 1964. The

analytical prediction of the aerodynamic effects of ice
accretion on eirfoils is then an important gayp-in our
knowledge of the icing problem. In a joint NASA and ¥AA
workshop on airacraft icing held at Lewis Kesearch Center

in 1978, the needs for new icina research were liscussed.

In his presentation Milton A. Beheim stated (4]

-++ a rencved effort on icing effects on
airfoils is neede«d =~ not so much to
refine ice protection systens -as was done
in the early 1950's but to deternine the
performance sensitivity to. ice accretion
effects so that airfoil selections can be
made to avoid. using a protection 5ystenm
vhenever possible. Particularly for
general aviation applications it «ay even
be possible to evolve new airfoil
geometries that minimize the
rossibilities of ice accretion and its
deleterious effects on performance.

This paper focuses upon the analytical treatment of
- two dimensional airfoils exposed -to a rime icing
environment. New aircraft technology has generated

requirements for an increased understandina of the icinag

phenomena. This re-examination of the icing problem, this

—
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tine with the aid of hiaoh speed computers and modern
numerical methods, promises the improvements in icing
technology necessary to increase the utilization of

general aviation aircraft and helicopters in_ adverse

weather.
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II. REVIEW OF LITERATUARE

The growth of ice on aircvaft components results in a

- == decrease in performance and a saftev hazard vhich has been

the suhject ol scientific research for over Iifti years.
Unfortunately most of this work was conducted in one ten
year period vhiéh was concludeu almost twenty~five years
ado. Inlvy now is there an attewpt to organize .and
coordinate additional research. 1In an attempt to clarify
the prodress mede bv early researchers, and doéument the
need to continue this work, this review of aircraft icing
literature is presented in a historical perspective.

Early researchers disagreed on the physical phenomena
responsible for ice accretion. This is quite evident in
the review of early work by Blecker [5) in 1932 ana a
later Prench report [6) in 1936. Much of this early work
was performed in Germanv and other Western Furopean
Countries. The U.S. made limited contributions to the
study- of aircraft icing before 1940: probably the most
important bheina the develonment of mechanical de-icing
systems. These inflatable de-icinag boots were designed

and built by the B. F. Goodrich Company and were installed

on aircraft beoining in the 1930's. This sane type of

1



systen is still in use today.
A major step forward was made in 1940 with the first
mathematical foruulation of water droplet trajectories.
G. 1. Taylor [7) developed the differential eguation
~governing d;oylet trajectories for the special cases of
constant drag coefficient and Stokes law drag.
Calculations were performed and the appropriate similarity
varameters extracted for a few simple cases. Taylor
suqﬂﬂst:% a scheme for the numerical solution of the
equation for more complicated cases such as the flow about
an airfoil. This work was continued by Glauret [8] who
performed the numerical solution of Taylor's equations by
hand calculation. Glauret furthered the work of Taylor by
combining droplet trajectories to determine the local mass
flux on the airfoil surtace and the total collection
etficiencies.

&he publication of icing research in the open
literature was discontinued during the war years of 1941
to 1945. However immediately after the wvar, .perhaps due to
the need for all weather military aircraft made clear by
the war, icing research flourished until the mid 1950's.

After the Second World War the United States' National
advisory Comeittee for Aeronautiecs, NACR, began an
ambitious program. The bulk of this work was conducted at

the NACA's lewis Rescarch Center from 1945 to 1955. The

10

research was directed toward defining the natural icing

environment, determining its effects on representative
aircraft components, and designing techniques for ice
protection [4]. Great vrogress was made in understanding
the icina process and in protecting the aircraft fro&'its
hazards. The classic reference in the area of droplet
trajectory calculations was published by Lancemuir and
Blodgett [9] ig 15&6. Here the droplet trajectory
equation is presested far an arbitrary drag coefficient.
The entire problem ot Lraject&ry calculations is presented
in a form siwmilar to that used today. Using a
differential analyser tne droplet trajectory about a
cylinder, sohere, and ribbon werv solved numerically and
the collection efticiencies were [resented foI several
cases, In addition, the modified inertia parameter was
vresented ac @ means to simplify the analysis by reducing
the inertia parameter and the free stream Reynolds number
into a4 sinole dimensionless paraneter.

This method of numerically determing droplet
impinaement on aircreft components was usea extensively by
the NACA in the late 4C's and early 50's. These
researchers were greatly hampered by the lack of high
speod diqitul computers and numerical solutions for the

flow ahout an arbitrary body. &As a result calculations

vere often made about bodies for which the flowfield ecould




be solved analytically. Droplet trajectoric:s were
calculated about cylinders (10,11], spheres {12], and
Joukovski airfoils [13,74]. Arbitrary airfoil sections
were first handled by Berarun [15]) usi&g‘an efmpirical
apnrroaeh based on droplet trajectories about Joukowski
airfoils. Prun,ac¢llagher,and Vogt [ 16 ] used a vortex
substitution mothod to generate the flowfield about an
arbitrary airfoil. This approach requi;ed a wingd tunnéi
test to measure the surface velocities on the airfoil
before the vortex stronaths could be determined.

The method ;as used extensively by the NACA [17-19)
to analyze the droplet impingement characteristics of
airfoils. Fxtensions of this analysis were made by

Serafini [20) to a fupersonic airfoil and by borsch and

Rrun [21] to a swept wina. Droplet trajectory

calculations were .zlso jerformed about axisymmetric dodies

(22-247 to simulate the nose of an aircraft or missle.
The tradectory calculations made by NECA researchers
proved to be very accurdte and provided valuable in{'qht
into aircraft icing, date for the aesion of ae-icing

svstemes, and quidance to the experimentalists.

Early in the NACL icina program an extensive study was

made of the naturel] icing environment. Vumerous
experimental studies were perfornea to determine typical

combinations of cloud _properties such as horizontal and
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vertical size, droplet diameter, liquid wvater content, and
air tenmverature experienced by aircraft. These data were
compiled and summarized in three reports [{25%~27 1 vwhich
were ultimately uscd to compile the FAL Part 25 Appendix C
[28] icing envelope. This icinog onve]épe is still in use
and defines the ranac of conditions over which any de~
icing system must function to obtain FAA certification.

Many ekperimental studies were conducted in the NACA
six by nine foot icing tunnel located at NASEH Lewis. One
important test prodram develoveu the dye-tracér technague
for exnerimentally obtaining impingement characteristics
of arpitary bodies [29]. 1In the dye-tracer technique a
body is confiqured with blotter paver and exposed.to an
airstream containina & dyed-water spray cloud. Tiae
blotter paver is then calorimetrically examined in order
to obtain local collection efficiencies, total collection
efficiencies, and maximum rearward extents of impingement.
This technique has been used on airfoils [30731] and other
bedies [32,33] and provides the only direct experimental
data for use in the verification of droplet trajectory
calculations.

Airfoil icing experiments conducted in the icing wingd
tunnel served two main objectives. These tests documented
the change in airfoil performance characteristics due to

ice accretion while also serving as test beds for new de-
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é icing and anti-icing systems., In the first test [34,35]
{ -

b no quantitative measure was made of the ice growth.

: Aerodynamic data was obtained from a heated wake survey
L probe measuring the changes in drag, while lift and moment

—coefficient changes were not measured. The tests were

: —_— . .
: - primarily to evaluate the ice protection systems. Bovwden
(367 in 1956 presented a fairly complete aercodynamic

F evaluation of icing effects oun s NACA 0211 airfoil. A six.
E component force balance system was-used to enable the
]

peasurement of changes in lift, drag, and pitching. moment.

As in earlier tests the dGocumentation of the ice shapes

fror which the aerodvrnamic penalties resulted was only

e~ aa iy

described cualitatively.

The mo=t complete airfoil icing analysis performed is
reported by Gray [1,37}. Here theoretical anc
} experimental impingenent efficiencies, ice shape

meacurements, and an aerodynamic analysis was performed on

aechiinse

- an NACA 652004 airfoil section. The experimental and

theoretical impingement characteristics compared well for

] some cases,. but the failure of the predicted values in

some situations wac not understood. Gray [34 ] presented

the first empirical relation to be used to predict the

chanaes in draq coefticient due to icinag. This equation

fit

fi

was based on the NACA 65R004 icing data and was good only

for this particular airfoil.

e em . o
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In approximately 1958 icinu research at the NACA was
stbpppd. The advent of jet enained aircraft reduced the
jcina hazard and required that research efforts be shifted
to nev areas. At its completion the NRCA program had
provided good ice protection for the aircraft of the day.
The analvtical prediction of iwmpingement rates had beguh,
but no methoas for ice shape calculation or the resulting
a;;foil perforrmance degradation were develorea.
Experimental results vere confined to only a tew
svecialized airfoils and had consisted prima;;ly of ice
protection system evaluation. Two compilations of NACA
data were publiched in 1964. Gray [3] compiled all the
iced airfoil drac data to expand his ewpirical eguation
and lowden et. al. [ 38] rresented an exhaustive summary of
existing aircraft icing technology.

Interest 1n aircraft icing research was renewed in the
early seventies in Furope ané Canada. These studies have
been primarily involveo with the thermodynamics of- the ice
accretion procers. Llozowskil, stallabrass, and Hearty [39)]
in 1979 presented a summary ot thermodynamic modelling and
their current state-of~-the~art approach. All of these
stulies are harpered by the lack of goul droplet
impinvement methods. Rescarch has been conducted in
Western Furope in several areas which are sumrarized in

reference 40. Recent aerodynamic studies have been
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\ conducted in Sweden and the Soviet Union (2] to determine

; exrerimentally the performance of iced airfoils. Similar

| ' tosis cd;éucted in the United States have in general not
been published since they were conducted by manufacturers
for icing certification and not government sponsored. One
recent exception is the work by Wilder [47] from Boeing.
wilder presents the results of theoretical impingement
calculations, experimental ice shape correlations, and

y _ iced airfoil tests. Unfortunuately little information ié

' provided as to the analytical or experimental ﬁethods used

to obtain these data.

Recognizing the need for an organized icing research
effort in the United States, NASA Lewis Research Center
established a program of icing research in 1980. The nasa

trogranm includes a broad range of research objectives.

The evaluation of de=-icing systems and anti-icing systems
fu2) ﬁas recently becaun in the Lewis Icing Tunnel.
Analytical efforts include a three dimensional droplet
trajectory code [43], and prelininary results of this
;ﬁiggfftation [44]. Hopefully the need to apply current
technology to the icing problemr, as revealea-by this.

revievw of past research efforte, will be met by the

curtent NASA icing research progranm.
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IIf. THEORETICAL ANALYSIS

Before the aerodynamic performance of an airfoil with
rime ice can be determined, the geometry of the ice

accreticn must first be calculated. This section presents

the theoretical method for the prediction of rime ice

shapes which accrete on unprotected airfoils. Therefore
the first ste)] in thoe theoreticul analysis is to formulate
and analyze the equation governing the trajectory of a
sinale spherical particle in a moving. fluid. .

Trajectory Equation

pircraft rime icing occurs when super cooled water

drovlets impact the leading edge of an aircraft component.
These-deoplets have dlaweters o 10 to 50 microns [28] and
exverience Reynolds numbers low enough to ensure that the
particles renain svherical in shape [(43]. PFor rime icing
clouds the liquid wate1r content which exists rarely
exceedes 2.0 urame of water per cubic meter of air. Due
to this low concentretion of water droplets in the free
stream, the flow mav be considered uncounled [405)-and the
influence of the droplet on the flowfield ianored.

By applyina Newton's Second Law, F=ma, to the

particle, the governing equaetion can be derived. This
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equ&iion has been piesented by Soo [46] and Rudinger [47)]
as -
A%\ _ = L5 . s L o= -
m<__>£)=D+P+Ma+B+mg (1
de?

This equation may be significantly reduced for the present
application. Por a water drbplet moving in air the
density of the particle is much greater than that of the
fluid. Therefore, the pressure gradient ﬁern, P, and, ig,
the apparent mass term may be neglected [@b,ﬂ?]. The
fourth term in equation (1), §, represents the Bassett
force. This term accounts for the deviation of the flow
pattern around the particle from tnat of steady state and
represents the effect of the history of the motion on the
instantaneous force [47J. This term is significant if the
particle density is of the same order as that of the
fluid, or if the particle experiences large accelerations.
Droplets can experience large accelerations when in the
leading edge region of an airfo{i. Norment [43], using
~-the work of XKeim_ [48] and Crow [49], has shown that for
the icing problem the accelerations experienced by the
droplets are not large e¢nough for the Bassett term to be
sianificant. Therefore the Bassett term, E. can also be
dropped from the analysis. With these assumptions, eq.

{1) redvces to. -

d%%\ _ .
m( ) = b+ og (2
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For the small water droplets considered in the icing
problem, and for the smull time scales involved, the
gravity or seitling term may in ageneral be dropped from
the énaly sis, However, it will be retained here to allow
a more general application of the method. The viscous

draag term, D, can be expressed in the conventional manner

as

FERIXITE 1o
Where S is the cross sectional area of the sphére and %))
the drag coefficient derived from experimental results.
Note that here the draa is evaluated using the slip
velocity, that is the velocity between the droplet and the
local dirstream. Substituting in for the drag and

dividing throuah by the mass, eg. (2) becomes
at2 4 (
Nondirensionalizinag eg. (3) yields
2= 1 (CDRy s
- - & (SR

which is the aoverning 9quat10n for a droplet trajectory.

The nondimensionalization was performeu with respect to

-_1 g
4
F2g (4)

the characteristic velocity, U, the free stream velocity,

and the characteristic length, ¢, the airfoil chord.

Dif ferentiation is vwith respect to nondimensional time, T,
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where 1 = Ut/c.

In eq. (4) two dimensionless parameters ooccur. The

inertia parameter,X, is

— K =2U (5)
18cu

and is essentially a nondimensional particle mass. The

second paranmeter, Fr, is the Froude number

P =-_U_ (6)

which is the ratio of ipertia to gravitational forces. 2
third similarity parameter appears due to the form of the
Cdr/24 term in eq. (4).

The drag coefficient of a sphere in a non-accelerating
stream has been measured as a function of Reynolds number
by many researchers. Sphere drag is also in general a
function of particle Mach number. However, for rime icing
vhich occurs at low flight velocities, the particle Kach
nunbers are low and the compressibilii} effects on sphere-
drag are not significant. Here Reynolds number is based -
on droplet diameter and the relative velocity between the
stream and the particle. Reynolds number as used here is
given by

g = 28ulu-n] r

u

A standard drag curve has been established froe these
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results and is presented in Schlighting [50]. Por low

Reynolds numbers the well known classical Stokes solution

for sphere draa is

c o 26

D R

;OweVer this theoretical result is for creeping motion and
is not valid for the higher Reynolds numbers experienced
by icing droplets. Stokes drag 1;; is however a limiting
case used to establish ewpirical fits to the standard
sphere drag curve good for higher Reynolds numbers.
Langmuir [9 ] presented one of the earliest empirical fits

of the standard svhere drag curve given by
EEE =1 0.63 -4,1.38 (8)
Vi + 0.197R + 2.6 x 10 "R+
This equation provides qood draqg coefficients up to a
Reynolds number of 1000. A somewhat simpler form proposed
independently by Klyacho {51] in 1934 and Putnam [52] in
1961 is
C—DR-=l+lR2/3 (9
24 6
Both eq. (8) and (9) represent good f£its to the
experimental results as do several other similar equations
rroposed by other researchers. The stanlard drag curve,

Stokes law, eq. (8), eq. (3), -and the recent and_more

accurate measurements of Beard and Pruppacher [ 53] are
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compared in Table 2.

Table 2 Compérison of Particle Drag Coefficients,

¢p
: Beard and
R -Std Stokes Fg. {8) Eg. (9) Pruppacher
0.01 2400, 2400. 2426, 2420.
0.1 243, 240. 251. 249, 242.7
1. 26.9 24.0 24.5 28.0 26.45
10. 4,33 2.40 4,43 4.26 4.149
100. 1.09 0.24 1.14 1.10 1.073 -

500. 0.5¢68 0.0u8 0.588 0.552
1000. 0.469 0.024 0.477 0.424

The empirical fits.for the sphere drag coefficient

including equations (8) and (9) are of the general form
—_= 7 c;rYY (10)

Using eq. (7) for R, eg. (10) can be written as

ChR N - .

D . .

—_— = C,RY: G-n1Yi (11)
24 iil iy |a-1]

where Ry is the free stream droplet Reynolds nuaber

pSy
Ry BT (12)

Therefore, since the droplet drag coefficient uaﬂ be
expressed in the form of ‘eg. (11), the Stokes parameter,
CdR/24, appearing in eq. (4), yields the .additional
similarity parameter Rye the free stream droplet Reynolds

number.

- | ——

The tr;jectoty of a liquid droplet, fof the rime icing .
problem, has been shovn to be governed by the differenmtial

equation (4). Eg. (4) contains the three similarity




ARl

a
-
3
g)
2
)
4
c

22

parameters Ry, K, and Pr. In the next section RU and K

are.combined into a single parameter which greatly

simplifies the analysis. The flowfield which enters

equation (4) as u, vill ‘also be discussed in a later

section.

Trajectory Similarity Analysis

In the derivation and discuscion of eg. (4} it has

been shown that the droplet trajectory, ignoring the

flowfield, is a function only of the threc¢ similarity - - -
paramneters Ry, K, and Fr, and the initial dropiet
conditions. To simplify this an. .ysis the Froude number,

Fr, will be dropped, since it can be shown to be

.

nealigible for the rime icing problem. The scaling of the
gravity force and other terms in eg. (1) will be discussed

later. ©Nealecting the qravity term c¢g. (4) becones

CpRY ¢/
2 D - -
P - M) ()

Now the trajectory depends only on P and K, assuming the

initial conditions in nondimensional form are constant.

s e b it el

_The gdgntification of the proper similarity parameters
for a problem is very important. Not only do the
parameters simplify the analysis, but they also aid in the
presentation of experim-ntal and numerical data, and serve
as scaling parameters in the design of scale model tests.

For -aircraft icing scale model- tests, using Ry and K to

e Ml S i e e ANk sl
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establish test conditions violates other similarity
parameters. For example, often only the model speed and
droplet diameter can be varied. Holding Ry and K constant

then requires that

8 =(E§) § and Um =(€;>IJ

As a result, for small scale models the test velocities_
are very large and violate the Mach number scaling of the
flowfield., Similar problems in the scaling.df drops in
aircraft wakes have been reported by Ornshée and Bragg
[54]... Recent icing tests by a Swedish~-Soviet research
group [2] chose to ionore the Reynolds number scaling and
hold only the inerties parameter constant in an attempt to
avoid this problem.

Methods are available to alleviate this scaling
problgm by reducing the number of similarity parameters.
Cownining the similarity parameters Ry and K into one
parameter would also gieatly simplify data presentation.
The first attempt to combine RU and K was made by Langmuir
vhen he presented the modified inertia parameter, Ko »
This parameter will be discussed here and a new derivation
presented which for the first time yields an analytical

solution. 1In addition, a method is presented which is

much simpler to use, and in many cases mcre accurate.
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Modified Inertia Parameter ¢ The modified inertia

partameter, Ko, was presented by Lanamuir (9] in 1946 to be

used to-present aircraft icing _data. In fact, this
param@t;rvis still in vid; use in the aircraft icing
community athough no thearetical proof of its validity is
available [ 3P ]. Currently no closed form solution for the
parameter exists and a qraphical technigue or curve fit to
the numerically generated data is used. Here the K,
paramcter will be derived from the governing differential
equation and a closed faorm solution obtained.

The modified inertia parameter, K _, . is detined as

Ol

K o= KfA (14)
o = ¥(57)

where K is the inertia purameter and )/)g is the ratio of
the trajectery of a droplet in still air, with an initial
Reynolds number of Ry and gravity neglected, divided by
the same trajectory of the droplet if the drag is assumed
to obey Stokes law. So K, combines K and ky into a single
paramcter since x/xs is a function of ky alone. Langmuir
shoved that /)4 it given by

A _ 1 fu_ar
24
Using the standavrd sphere drag curve tor Cdr/24, Langmuir

performed this intcearation numerically te- generate A /)y as

a function of Ry which is still in use today.
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By using the differential eq. (13) we can examine
more carefully the origin of Langmuir's K, parameter. It
is not clear from reference 9 if Langmuir derived K, in
: ‘ this way, but the_basic relationship between K, and the

governing differential equation was suggested in 1952 in

e - el

reference 55.

By rearranging eq. (13), it becomes
——-—K . .
- CDR = (a-ﬁ ( 16)
24
Here CdR/24 is a complex function of R, with k varying

along the particle trajectory. If some suitable-average
of the term on the left hand side  of eq. (16) could be

found, the RU and K parameters can.be combined into-a

oms. ot & dolelsy yolenmestpa e, -t W BTG W
!

single similarity parameter. Assume that the particle
experiences Reynolds numbers from zero to RIY the value
based on the free stream velocity. Then averaging this

- term yields R

uf U dR
ChR
U D

24

The modified inertia parameter is merely the average value

- K
Ko = 3

(17)

of the single coefficient which appears in the droplet

trajectory equation (16). Ko 1S not an exact similarity |

parameter, but does have valid theoretical justification
as it is a straightforvard simplification of the governing

particle trajectory equation. The modified inertia
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parameter proviaes qgood data correlation, provided the
rangvybf Reynolds numbers experienced is consistent with
the range zero to Ry.

A closed form solution for K, can be found if an
inteqrable form of the droplet drag coofficient_is used in
eq. (8). Futnar 5. and Klyacho [51] developed such an
equation valic uyp *vinolds number of 1000 as

’e = 1 4 % R2{3‘ (18)

Following the work of Putnam, and after considerable

- -integration and algebra, a closed form of K, is given as

1/3:1
Ko = 18K [Rl'f” -\,6-_R61Tan’1(%_u__ )] (19)
6

This equation is within one percent of Lanagmuir's
calcutated values until Ry approaches 1000 where
Lanamuir's values deviate from those of eq. (19). This is
due in part to the different droplet drag values used,

eqg. (3) and (18), and probably some accumulation of error
in théwnume:ical procedure.

The lower limit of e3. (1Y) can be used to check the
derivation ot Koo BY definition K, must approach the
inertia parameter for small values of the Reynolds nulber
where the particle draq is essentially governed by Stokes
law. By expanding the inverse tangent function and taking

the limit as RU approaches zero, eq. (19) reduces as
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expected to Ky equals K. By examining eq. (19) as Ry

approaches infinity K, takes the form

- -2/3
K, = 18K Ry (20)

It is also interesting to compare the curve fit developed _

by Stallabrass and Lozowski [ 39] for K, where

: K
K = 21
©  1+0.0967 R;°367 e

This compares well to eqg. (19) ; note the similarity in the
1/RU'6367 term in eq (21) and the RU-2 3 expression in eq.
(19) .

The use of eq. (19) should improve the usefullness of
the existing icina data correlated with K. Eliminating
interpolation or curve fits to Langmuir'’s tabulated data
should also improve accuracy. Eq. (19) could be used to
reduce other droplet trajectory data, however, the
analysis to follow will fesult in a parameter which is

easier to use and more accurate and versatile than the Kg

parameter.

Trajectory Scalina Parameter : An alternative

approach can be taken to simplify the single coefficent
aprearing-in the trajectory eq. (16) . Instead of assuring
that CAR/24 is a constant, as wus done to derive K,, here
assume that

D
D oy (22)
24 CR

e e
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which is the first term of the qeneral eguation (10).

B o

This appears as a straight iine on the log-log plot of

¢dR/24 vs. R, figure 3. A—similar approximation _has been
nade before by ormebee-and Bragg [54,56]) and by Armand et.
al. [57] to scale daroplet trajectories. The trajectory

equation becomes

. /CRYMN. Ly
0 =(—EL—] )]a-ﬁlY(u-ﬁl. (23)

Now define the trajectory similarity paramcter, K, as

ro= Ko
CRUY (24)

ol

where the coefficient in eq. (23) has Dbeen inverted to

follow the convention established by the moaified inertia

paramneter.

The appeatance ot the |u - n|Yterm in eq. (27)

simplifies the uge of this parameter while decreasinag the

- expected increase in accuracy over the K| parameter.
Since a y occurs outside of the K term, C and Y cannot in
qeneral be functions of HU, but must be chosen from a |

- sinule best fit of CAR/2H = cR' over the entire range of
Reynolds numbers to be experienced by all particles under
consideration. Then after C and y have been chosen for a
particular application, a simple parameter combining K and
R.. is available to be used for data presentation or

U
sstablishing ncale model test conditions. Note that if
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the gravity term need be included, this requires only that

the FProude .number, Pr, also be considered in addition to

A careful analysis of the modified inertia parameter,
o and the trajectory scaling parameter, K, shows that
the two parameters are related. 1If the approximate drag

lav of eq. (22) is assumed and used in eq. (17) the result

K

K =
C(1-v) Ry

o]

For this special case then Ko, differs from K by only a
constant. While the general form of Ko given by eq. (19)
is more complicated, it too can be seen to be in a
functional form similar to that of K. Taking the limit of
both K, and K as Ry approaches zero yields just K in both

instances. As RU approaches infinity the limit of X is

) -2
Ko = 18kR;2/3

as given earlier in eg. (20). This is exactly eq. (22)
for K if Y= -2/3 and 1. = 18. Therefore it has been

shown that K_ and K ere the same vithin a constant if a
simple draoc lav is assumed in deriving Ko- So K5 and K
are certainly closely related but Jo vary slightly in

their workino ranae.

L
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A method for Selocg}yn the Yy to be used in the K
parameter nust be determined.  The selection of a y
depends on the ranoe of Peynolds numbers to be experienced
by the varticles during their trajectories. Since a Y

—_term occurs in the differential equation outside the K
torm (see ©u. 23) onlv one Y may be selected for each
anmvlication of h. S0 for a scaiina application a

. &igferont Y mav be selected for edach particle considered,

howevelr, when ¥ ois used to present data, an average value
of Y must be uge’ which 1s good over all vossable particle

trajectories to be presented. The value of the constant C

appearing in the K parameter has no ettfect on the use of
the term and is considervd to be equal to onc for
convenience.

wofore Y can be determined the Reymolds number range
experienced by a rime icing particle must be estimated.

The super cooled water droplets are assuned to be at rest

with respect to the atmosphere initially, and therefore
the lower bound on the Reynolds number range is zero. The

Arartet~experiences its maximum Revnolds numnber when it is

in the immodiate proximity of the airfoil lewding edae
where the velocitv gradients, and therefore th relative
velocity between the drop and the fluid, are larce. 1In
fiqure 4 the keynolds nusbers exverienced by droplets
along their trajectory is shown. 1hie intormation was

gqenerated using the ceamuter code lescribed in Section IV,

B S
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The droplets were started five chords in front of a

typical general aviation airfoil operating at a cruise
condition. Note that all the particles experience

Reynolds numbers in the Stokes law range for the first

nintey percent ot their trajectories. Only as the

droplets approach the body do the Reynolds numbers
increase dramatically. This anulysis has shown that the
droplets usually experience maximum Reynolds numbers of
less than one-half Ry.

Using this information on the typical Reyﬁolds number
range alonqg with figure 5 a value of Y can be determined.
Fiqure 5 summarizes the results of a least sguares fit
proagram which calculates the value of Y which provides the
best fit of the approximate sphere draoc expression of eq.
(22) to the standard sphere drag curve. The fit is-
ver formed from a Reynolds number of zero to K. It has
been €ound that for the aircraft icina problem a ¥y of 0.35
represents a good averade value to be used for preliminary
scaling calculations and for data vresentation. To select
2 Y to use in scalinu a particular droplet, the averaae
value of R for the full scale and scaled particle is
found and then figqure 5 can be used to determine v. In
ageneral this is an iterative proucedure, but by using
Yy = 0.35 to select the initial scaled Ky it converaes

rapidly; usually the ftirst step is sufticiently accurate.
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A systematic procedure has been presented to reduce by

one the nunber of similacity parameters governing this
class of particle trajectories. The wcethod of langmuir,
rreviously little understood, has been derived from the
governina Jiflerential equdation and a closea form solution
has beoen vrecented, This pegsult should clarifv the
theoreticald—basic for the moditied inertia yaraﬂ%ter anu
make the existing data correlated using_X,. easier to
interiret.

A new dimensionless number, }, the trajectory scalina-
farameter is derived. Thie paranmeter is more accurate and
versatile than the modified inertia parameter. The - -
tra jectory scalina pardameter may be used to simplify any
trajectorv analvsis. All that is reaguired ig the
deterninction of the exmonent, y , in the approximate drag
law useld in Jeriving K. The expolient mav be found by the-
followino vprocedure:

1} Determine the range of heynolds numbers
oxverienced by the claus of particles for
which the XK parameter is to be used.

2) By usina a least squares or other best fit
scheme, determine the v for which the
approxinate drag lav besct $its the standard
draa curve in the Reynolds number range
of interest.

Txnerimental and numerical results in support of the K
rarateter, antd ¢ comparison of L and ;‘will e presemtod

in Section V1.
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Plowfield

To calculate the trejectory of a particle in the
vicinity _of an alrio:l the detailed flowfield must first
be determined. The dimensionless flowfield velocity

) appears in the differential eyuation (4) as u, and alse in
the Reynolds number, k. The effect of a compressible
flowfield on water droplet trajectories has been studied
[10] and found to be negligible for cases up to the

critical Mach number. 1In addition, the viscous effects

— S T T AR
!
!

near the leading edqe of an airfoil are confined to a very
thin boundary layer. Since for most applications the

water droplets only impact the airfoil near the leading

edae, the effects of the viscous region near the airfoil
are assumed negligible. 1t is therefore sufficient for
this purvose to describe the flowfield about the airfoil
by an inviscid, incompressible, potential flow solution.

Both sinqularity and conformal wapping mecthods are
currently in use for predicting the flowfield about an
airfoil. Roth methods were used in some form by the NACA
to make droplet calculations in the 1950's. This present
analvsis uces a mouified version of & transformation
scheme for arbitrary airtoils first presented by
T'ieodorsen [58,53]. This method as formulated by Woan
{60], replaces the Joukowski transformation used by

Theodorsen for the first step by a Rarman-Trefftz
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transformation. This provides a better near circle for
> airfoils with finite trailing edge anales. The second

’ important feature of this method is in the sclution for

5 the exact circle. Por most applications only tne velocity
5' - on the airfoil surface is desired. Too obtain only_the
surface velocities a simplified approach is available
which climinates the need to calculate all the
coefficients in the—complex Fourier series which
trans{orms the near circle to an exact circle. However,
the Fourier coefficients are necded to determine the
velocity in the flowfield at some point not on the
airfoil. The analvsis of Woan provides for the
deternination of sufficient Pourier coefficients to solve
for the entire flowfield.

The Theodorsen methol has been criticizea in the past
for tailing to reproduce the flowfield accurately,
varticularly in the vicinity of the leading edage. It now
Appears that this wac a characteristic of euarly numerical
schemes and not of the method itself. The veloeity
distrivution computed about a typical qeneral aviation
airfoil bv this method is compared to the sophisticated
singularity method ot tppler [61] in figqure 6. Only the
leading edue reqion is shown where the calculated velocity
distributions are practically identical. 7The comparison

of the surface velocitier over the rest of the airfoil is
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also excellent. This demonstrates the validity of the

Theodorsen flowfield code.

The method provides an accurate veloéity anywhere in
the flowfield. This information is_used in the solution
of eq. (4). 1n addition this method has proven to be very
saccessful in handling leading edge shapes regquired later
in the analvsis.

Droplet Impingement Parameter .

By analvzing the iﬁiormation gathered from several
droplet trajectory calculations much useful information
can be extrapolated. Glauert [B) first combined droplet ]
trajectories to determine the mass of water strikina a
circular cylinder as a function of theta, the angle i
measured from the stacgnation point. Leanamuir [9] extended
Glauert's analysis to determine the iass striking an

arbitrary body as a function of S, the arc length along

the surface. The analysis presented here will follow that
of Lanamuir with some extensions, particularly in the area
of clouds containing distributions_of droplet sizes.
Assuming the drojlet trajectorvy intormation is
available, the first step is the calculation of B8, the

impingement efficiency. The impingerment efficiency is a

dimensionless mass flux of the material impinging at a
particular point on the airfoil surface. B is. . . w

nondimensiocnalized with respect to the mass flux in the

B e
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free stream. BAn impingement efficiency of one is just

that in the free stream, or_it is the dimensionless mass

flux on an imaginary flat plate, which does not alter the

free stream flow, placed perpendicular to the free stream.
The impingement efficiency on an airfoil surface can
be deduced from figure 7. The position on the-airfoil
surface is given by S, the arc lehgth alona the surface
measured from the leading edge. S is measured in chords l
and is positive on the upper surface and negative on the
lower surface. The vertical position, dimensionless with
C, in a plane perpendicular to the frec stream is given by
yo. The mass of water droplets between the two particle
trajectories a Jdistance 8y, arart in the free stream is

distributed over a lenqgth 6S on the airfoil surface. As

the length §S5 approaches zero, the local impingement

e{ficiency becones

dyo
= == 5
Note that in the free streanm 8y, egquals 65 so that _
8 = 1 as .equirel. g§ can nov be calculated by taking the

derivative of the Y, a8 a function of S curve derived from
individual Jroplet trajectory calculations.
The total mass flow rate of water caught per unit

svan by the airfoil is then given by

S.
M = Ukce j” v 8ds

(26)
SL




Here the limits SU and SL are, régpectively, the maximum
limits of droplet impingement on the airfoil upper and
lower surfaces. B8y substituting eg. (25) for B8 in eq.

(26), M bécomes

M = UlcAyq, (27)

The total mass collected by the airfoil then depends on

A Y,r the distance in the free stream between the upper
and lower tangent trajectories, figure 7. It is
convenient to define an overall collection efficiency, E,
to evaluate and compare the impingement or catch rates of
various airfoils. The collection efficiency is defined by

the rate of mass cauyht divideda by that of the free streanm

A
Y (2

Here h can have tvo different values. Some researchers
take h as the maximum airfoil thickness to chord ratio,
while others use the maximum projected frontal height,

. which is a2 function of angle of attack. This paper uses
the later definition unless otherwise specified.

The preceding discussion describes the calculation of B
wvhere the icing cloud contains only a single droplet size.
In general clouds contain a distribution of particle sizes
about some volume mean diameter, VMD. To represent the

total impingement efficiency, Bt.for a point ou the




38

airfoil including the particle size distribution effect,

the equation is

—

Smax
By () =_[ g (s, S)(§V>d5 (29)

Smin
Here g(&S5) is the impinoement efficiency at a point S on
the airfoil surface due to a particle size §. Langmuir
[9]_ha=s-defined four particle size distributions about the
vMD which_are fairly representative of actual icing
clouds. The distributions are_defined by Vv, the

cummulative volume of water in the cloud, as a function of §,

the droplet diameter. The (dv/d48) term in eg. (29) is the

derivative of this curve and is a function of only §.

3
\
)
»

Considerina the entire range of droplet sizes also
complicates the calculation of the total nass and
collection cfficiency. the total mass becomoes
SUfﬁmax dv
M, = chsf : 86, 9)(5 ;) sas (30)
L “min

and the collection etficiency is

. { max

- qv

to-d [ eyl (E)es 31
‘min

Here Ay, (8) is the difference in the y, values in the free

stream between the tangent trajectories for a particle of
size &. The value Ay, (8) can be determined directly from

the analysis or is given bv

Mo (§)= f 8(s., 5) (32)
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The impingement efficiency, 8, and as a result the
total mass céught, M, and the collection efficiency, E,
can how be determined by combining the results of several
droplet trajectory_sglcgigtions. For the rime ice cgée,

knowingvs as & function of S and the free strean

conditions permits the prediction of an ice shape,.

Ice Shape Calculation

Using the infogﬁation ggo;ided by the B curve an ice
ghape can be predicted for the case of dry accretion (rime
ice) . Glauret [ 8] recognized this relatiohship between
and the rime ice deposit. However he was only able to
aive a pictorial representation of the shape by measuring
out from the surface a distance proportional (to an
arbitrary scale) to the local rate of droplet impingement.
Wwilder (41] has calculated rime ice shapes assuming the
ice grovws out normal to the airfoil surface, but has
iagnored the local curvature of the airfoil surface. BHere
the equation for ice growth will be derived including the
effeet of surface-égrvature and an arbitrary directicn of
ice growth,

Consider an area dA perpendicular to the free streanm

velocity vector. The mass 6f water passing through this

area in a time At is

m = UlatprdA
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Note  is the collection efficiency on the surface dA.

The volume of ige., &'dp, represented by m is

Q'dP: = U)\Atgdﬁ
Pice

kearranging and nondimensionalizinq L' by

e = AR (33)

where Ac is a new cimilarity parameter given as

A = UAAL

cC .
Pice®

(34)

The accumulation parameter can be interpretted as the
length of the ice yrowtk in airfoil chords that would
occur on an imaginary flat plate place perpendicular to
the free stream in 2 tiwe At. Note that g= 1 on this
flat plate. The accumnulation parameter gqoverns the rime
icing procdess once a g curve has been determined. It is
convenient to represefit the CrOSS sectional area of an ice
shape in terms of Ac using the expression
S
A= S'{;LACBdS

performing the inteoration the area bacomnes

A = Achy, (35)

since Ac and Ay, are both dimensionless, the area given Dby

eq. (35) has units of square chordse.
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Now using the concepts of accumulation parameter, Ac,
and local impinvement efficiency, 8, the ice shape can be
determined. Figure 8 shows the ice growth _(cross~-hatched)
on a small segment of the curved airfoil surface dS. Here ¢

; is the assumed direction of ice growth and r' the
effective radius of curvature of the surface. (The
effective radius of curvature will be defined later.)

Fron geometry and noting that the ice area must equal Rc R4S,

L 02 :
- - g+ 2= = AcB (36)
: 2r cos¢

This may be solved for g, and is the general expression

3 for the length of the rime ice accretion, for a given Ac,

? at a point, S8, on the airfoil surface. Here g, ¢, and r' ;
; are all functiocns of S. Two special cases of eq. (36) are i
! of particular importance.

y The first case is to allov the ice to grow out normal

v to the surface. Here ¢ = 0 and r' is just r, the local

; radius of curvature of the airfoil surface. Eg. (36) then

? hecomes for-normal growth

! 2

? L+ %; = A8 (37)

/

]

Here a nonlinear term arises due to the radius of

curvature of the airfoil, r. This term has been dropped

o AN BT

by other researchers when calculating 2. This assumption

SR IR S
.

is justifiable for small values of Ac or for airfoils with
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a large 1eading edge radiu;i Note that yhen T 18 larqe,

ed. (2N shows that the length of the ice is just AC B

The importance of the nonlineal term can easily P e
evaluated by comparing the integrated area of the ice

shape 1O the exact area BC AY g -
p» secont wode of jce growth has been sugges{;a in
_ which the ice arows pack out alond the particle trajectory
[393. iIn this case g is directed along the tangent t©O the
particle trajectory and is given by eg- (36) . HerI® o is
- : the anale petween the nornal to the surface and the
tangent to the incomind trajectory. figure 9. 7The r' in
eq. (36) je the equivalent radius of curvature. 1t is a
measure of the rate at which the trajectories are

converging 0T diveraing 2as they jntersect the airfoil

surface and js uiven xy

o= - ds (38)
av

Here S 1S the axcC jencth along the surface and the
direction of qrovth y is as ghown in figure 9, It js not
unusuat for r' to be negative for tangent jce growthe

This OCCurs when t¥o adjacent trajectories are diveraing
as they jptersect the airfoil. In this case ¢ will be
imaginasy»{or pbc  laraeerl than SoOmc critical value and this

1imits the amount of jce grovWwth that can be predicted in a

single step-
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Twvo modes of ice growth, normal and tangent, have been
discussed in relation to the solution eqg. (36). However

eq. (36) can be used for any ice growth scheme if the

trajectory tangent in figure 9 is replaced By the assumed’
direction of arowth and r' and ¢ are determihed
sccordingly. No matter what scheme is used, after eq.
{36) is solved for %, it is easy to calculate the ice
shape by moving out from the airfoil surface a distance

in the Y direction.

™ne -Fffects

As the ice accumulation builds on the leading edge of
ar airfoil, the tlowfield must slowly adjust to the ney
boundary conditions imposed by the change in shape. This
change in the airfoll shape, and the resultina change in
the flowfield, will naturally alter the impingement rates
on the surface. As the iwpingerent rates change, the
shape of the resulting ice agcretion will also change with
time. Therefore the ice accretion process isg a function
of time, and nust be modelled accordingly if accurate
analyvtical predictions are to be realized. The failure of
initial icing rate calculations [37}, er shapes based on
them, to accurateély predict the experimental results
reinforces the need to include time dependence in the
nodel. One method of modelling the effect of time is a

time~=stepping approach. The time-stepping method assumes

il
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that the ice accretion can be broken down into a series of

steady state processes. The accuracy of the method is due
in pdft to the step size chosen.

The scheme used to perform the time stepping is itself
relatively straight forward. tfach time step can be broken
down into thfee parts:

1) The flowf{ield is gencrated

2) The g curve is calculated from the particle
tra jectorics

3) An ice shape is generated
These steps are then repeated until the desired icing time
is reached., 1n “ractice the procedure may be very
difficult cince lhe iced airfoil coordinates generated in
step 3 may be too "rough" to rermit the calculation of a
flowfield. A scheme for smoothina these coordinates is
discussed in Section TV along with the numerical

forwulation of the problen.

!
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IV. NUMERICAL FORMULATION

The theoretical analysis presented in Section I1l1 has
been pregrammed for commuter solution. This section
describes the numerical pfocedures and computer codes used
to predict tne rime ice growth on airfoils. The solvtion
is formulated into three steps which utilize four compufer
fprograms. The three steps are:

1) Droplet trajectory calculation including
§loyfield generation and the determination of
impingement rates

2} Rime ice shape calculation

3) Iteration and coordinate smoothing

Step 1 contains two computer programs, while step 2 and 3
contain one each. A flowchart for the entire rime ice
methodology is given in figure 10. Only the flowfield
code was not v¥ritten especially for this study.

Droplet Tra jectory Calculation

To calculate the droplet trajectory reocuires the
numerical solution of eq. (4). Egq. (4) is sclved in the
cartesian coordinate system shown in figure 11, The x-y
axis is used for the trajectory calculation while the x*-

y' system is used in the flowfield code. R1l1l inputs and
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ouﬁputs to the trajectory code are in the X~y system. The
| initial conditions ngeded to solve eqg. (4) are the droplet
3 velocity andkposition in the free stream. The particle is
assumed to be travelling with the free stream at sone

finite distance in front of the airfoil, usually five

T

ehord lenaths. The initial y-coordinate is selected so

=

the particle either strikes or misses the airfoil as

desired.

B et a7

Fq. (4) is a.second order, nonlinear, ordinary -

N s &

differential equation. Eguations of this type are
.. generally written in component form and reduced to first
h order for numerical solution. This results in a system of
four simultaneous differential equations which can he
Q solved by a step integration method. However this systenm

is stiff, and requires special numerical treatment for a

stable solution.

A stiff system has in its general solution eigenvalues
wvhich may be orders of magnitude different in absolute
value and therefore each dominates the solution in
dif ferent regions. . If not handled properly this leads to
unstable solutions [62]. This numerical formulation uses
a variable step size, predictor-corrector scheme suitable
for stift systems by Gear [63,6U4]. When compared with the
Adams method-on this system of equations, the stiff method

reduces the computation time by at least a factor of two.
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The system of differential equations can nov be solved
if a locel velocity vector, G, and a droplet drag law are
provi&ed. Thg_glowfield velocity calculation will be
discussed in detail in the next section. Tﬁis program
calls a subroutine which provides the velocity at any
point (x,y) in the flowfield. Several droplet drag
equations are available as discussed in Section II1. This
program uses the drau law of Langmuir [9] given in eq.
{(8) .

A trajectory calculation is terminated when the
particle strikXes the airfoil surface or misses and moves
past the body. Polynomial fits to the trajectory and
airfoil surface are used to determine the exact impact
point, 8 as shown in figure 9, and the surface length 5 as
in fiqure 7. The tangent trajectories, figure 7, are.
calculated using an extrapolation precedure based on the
impingement angle.

Usina this method the program can supply the Ay, .,and y, =
Yo (S) needed to_calcnléig_the local and overall collection
efficiencies. A1l these calculations are controlied
internally by the computer program, by error limits input
by the user.

Fiqure 12 shows a typical y, versus S plot generated

by the prodrarm. The symbols are the results of actual

- droplet trajectory calculations. These points are curve
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fit using a cubic spline which forces the slope to zero at
each end voint. This scheme for spline fitting the yg vs

S curve must be modified for certain special cases. For

large values of K the airfoil upper or lower surface,
depending on th;~angle of attack, may collect ice all the
way to the trailing edge. 1In this case B doeyx not equal
zero at this limit of impingement and therefor the second
derivative, rather than the first, is set egual to zero at
this endpoint.

Another svecial casénresults vwhen an area of the
airfoil, between the maximunm limits of impingement,
collects no ice. This results in a discontinuous y, vs S
curve. In this case the curve is fit in two pieces which

are connected by a region of zero impingement, 8= 0.

This second case occurs on airfoils with cusps, such as
y the NACA six series airfoils. Here the most forvard
region of the cusp may collect no ice for large K's ana
high o's, while the aft segment does collect ice. This
may also occur near the leading edge when time stepping
) leads to a concave region in the ice shape.

The spline f£it is then used to calculate the local

impingement efficiency, 8, which is the slove of the

curve, figure 13. The B distribution and airfoil geometry
are stored on disc to be used for the ice shape

calculation.

S




Plowfield

The flowfield velocities required for the solution of
eg. (4) are generated using the—éheodorsen method. A ~
nodified version of the flowfield code by Woan [60]\is Tun
once and the transformation results are stored on disc. .
Input to the flowfield code are the airfoil coordinates in
the x'-y' coordinate system, figure 11. The droplet
trajectory code reads in the results of the
transformation.

Nhen the velocity at any x-y point is required, the
velocity subroutine in the droplet trajectory code first
must rotate to the x'-y* system, then transform the x*-y?!
point to the circle plane of the transformation. The

transformation to the circle plane is nonlinear and

therefore a Newton-Raphson iterative technique is used.

Once in the circle plane the velocity calculation is
straightforwvard. Note that this method calcul.tes the

. velocity from the transfiormation at each point required by

the =tep integration differential eguation solver; a
matrix of stored velocities with an interpolation scheme
is not used by this program.

: A second program by Woan [60]) is available to

k calculate an inviscid C¢, Cm, and apg if desired. This
program also generates a Cp plot which is useful in

ensuring smooth airfoil coordinates.
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Ice Shavpe Calculation

Ea. (36) must be solved for £ to determine the rime
ice shape. The ice shape prediction code reads in B as a
function of S, 6 (see fiaure 9) as a function of S, and
the the airfoil coordinates from the disc file written by
the droplet trajectory code. The accumulation parareter,
Ac, is the only physical variable read in directly by the
proaram. Internally the program must calculate ¢, ¥,
and €, figure 9, and either the surface radius of
curvature, r, or the effective radius of curvature, r', in
order to-solve for 2 and-calculate the ice shape
coordinates.

For normal ice growth, eg. (37), the surface radius of
curvature, and the direction of the outer normal, €, are
needed ac a function of S. Both terms can be founa from a
polynomial fit to the airfoil coordinates. For airfoils
with rouah coordinates, € is calculated at the droplet
impact points and € vs. S is fit using a cubic spline.
From the cubic spline € and r (r = -48/d€ ) can-be
calculated "at any- $ location. This procedure provides
smoother values of ¢ and r.

For non-normal ice growth, eq. (36), r*, ¢, and Y must
be determined. Por the tangent case 6 is known at each
particle impact point and € can be calculated from a

polynomial fit of the airfoil. Then % ( ¥ = € + T/2 - 8 )

yovnroes -
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versus S can be spline £it and r°', éq. (38), ¢, and ¢ car
be: found for any S location. The code allows for ice
growth directions_other_than normal, ¢, and tangent, y.

By redefining the angles y and ¢ to be measured with
respect to the assuned icewqrouth direction,instead of the
trajectory tangent, the same method that wag used for the
tangent cazse can be uséﬁ here. Then the assumed ice
growth direction ¥ can be chosen arbitrarily.

With * 2 and the direction of growth determined, each
airfoil coordinate affected by the ice is recalculated.
This venerates the iced airfoil coordinates. A
trapezoidal integration is used to determine the ice shape
area to be checked aadainst the exact area, €g. (35). The
original and iced airfoil coordinates are written on disc
for input to the next code.

Iteration and Smoothing

Airfoil analysis codes are in general very sensitive
to-both the first and second derivatives of the airfoil
shape as provided by the input coordinates. After the
airfoil has been iced, the coordinates are often too rough
to run well in these prodrams. Existing airfoil
coordinate smoothing programs were not designed for, and
therefore can not handle the types of airfoil shapes that
result from the icing analysis. Therefore, a eoordinate

smoothing program was written specifically for the icing




——

52

problem.

—

The smoothing is accomplished by force fitting a

Y= = c——— ————

polynomial of the form [65]

Y = CyppXP + oxN + o xN1 + 4 ox 4, (39)

to both the upper and lower surface of the ice shape. The

exponent p is a fraction to allov the matching of the

leading edge radius of the ice, and N is the order of the
polynomial. The desired first derivative is automatically
satisfied at the leading edge, and the function is forced

to match the slope of the airfoil surface just. aft of the

o o

ice accretion.
An additional smoothing routine is available when the

ice shape is not of the form of eq. (39). 1In this case

the ice shape is essentially smoothed by hand with the
r help of an interactive computer graphics program. The
|

program displays the original airfoil leading edge and the

nev iced airfoil shape. By using the. cursors the iced
airfoil coordinates can be adjusted to provide the desired-
smoothing and coordinate distribuﬁion.

When time-stepping an ice build-up the smoothing
proaram is available to generate iced airfoil coordinates
to be used in the flowfield code. Depending on the value
of the accumulation parameter, coordinate smoothing may or

may -not be required for every time step.. On the last time
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step smoothing may be regquired before the acerodynamic
analyeis of the resulting iced airfoil can be-

accomplished,
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V. AERODYNAMIC ANARLYSIS

The most serious effects of ice formations on ai}foils
are the reductions in maximum lift coefficient and a
sianificant rise in drag. _Rime ice changes the air foil
geometry and adds roughness to the airfoil. These two
effects are primarily responsible for the change in
airfoil performance due to rime ice. E;;Ating airfoil’
analvsis codes are able to analyze the iced airfoil shape,
but do not properly handle the roughness effects. As a
result, the effect ot the change in airfoil shape and
surface roughness must be handled separately. The new
airfoil shape will be handled analytically, while the
roughness Effucts will be accounted for using empirically
based corrections.

Ice Shave Analysis

Rime ice accretions are streamlined in shape but do
not blend smoothly into the-;ir{oil shape. In addition
T the shape itself may not be "smooth™ with respect to the
requirements for ygood airfoil leading edge geometries.
Due to the geometry of the ice shape severe adverse
. pressure gradients occur in the leading. edge regione.

These gradients trigger the. formation of small zones of
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separated flow (separation bubbles) which at higher angles
of attack may lead to massive separation and stall. Fwhile
-surface roughness may al: o trigugger premature stall, This

analysis assumes that the reduction in maximum lift I

s coefficient of iced airfoils is due to the change in
. leading edge shape alone. _
; The Eppler [61] airfoil analysis code is used to

E
-
S
:
-
=
-
=
=
)
J)
E
=

predict the effect of the ice shape. The code uses a
sophisticated potential flowfield model of distributed
surface singularities with parabolic strengths on-curved
surface panels. The version of the code used has been
modified to include the compressibility effects on the
potential. flov. Under this potential flow an integral
boundary layer method is used to calculate the skin
friction. A roudhness factor is ipcluded but its only
effect is to cause early transition from laminar to
turbulent flow. A special feature of the prcaqram is an
approximate calculation of the maximum 1lift coefficient.
The 1ift is calculated by usina the tvé dimensional 1lift

curve slope and a corrected absolute angle -of attack. The

>

correction reduces the angle of attack based on the size

of the separated zone.

The airfoil analysis program is used to analyze both

the criginal airfoil and the airfoil with the rime ice

shape. The program provides the 1lift, dray, and pitching:
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moment coefficients for both cases as well as detailed

pressure distributions. The drug prediction for the ice

shape must still he corrected for roughness effects.

Rouahness  Lffects

__— ®he roughness caused by rime icing is large compared

to the boundary layer thickpess. This roughnoess not only

increases the local skin friction, but it can remove a

" considerable amount of kinetic enerqf”ftom the boundary
layer. This incrcases the skin friction drag and adds
precsure drag—-due to the hase drag of the rouahness

elements and the reduction in pressure recovery due to the

thickening of the boundary layer [2]. This reduction in

pressure recovery 'can lead to premature stall due to
boundary layer separation at lower than expected angles of
attack.

y In a recent paper Brumby [66)] has compiled the
existing data on the effect of roughness on waxipum 1ift

coefficient. This summary is shown in fiqure 14. The

data shows the rather dramatic redunction in maximum 1lift

due to rolatively moderate levels of roughness. Also

D A T

presented in Brumby's paver is a good discussion of the
operational aspects of wing surface roughness. Although
fiqure 13 will not be used directly in this analysis, it

does provide a good check on the analytical results.
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Gray [ 3] nresented an empirical correlation to predict

drea increments Cue to airfoil icing.

scq =[8.7 x lo-s%gfxgnax(32-T)o'3](l + {1 N

1
2.52:0-1 sin4 12a)sin2[§gs\ﬁf(__2_) /3 g1 (40)

32-T
. . oy :

+ 65.3(———; - — }]. B:174544
(1.35Lxl 1.399] Sl 11“})

This equation was, however, developed primarily for the
glaze ice case which was felt to bhe the more serious
problem. The correlation is linear with time which does
not accurately represent the rime data. Therefore a new
correlation is neecdea which is developed specifically for
the rtime ice case.

The anmount of gocd data available for the draa of
airfmils with rime ice is very limited. Therefore the.
problem was formulated to take advantaqe ot the data on
airfoils with leading edge roughness. (When good iced
airfoil draag data is availadble, this courrelation could be
easily modificd to incluue this new information.) Figure
1% shows the (draag increase versns ice dccumulation (a
function of time) for both alaze and rime conditions [36].
Note that the increase in draag for the alaze case.is
apnroximatelv linear as rredicted by Grav's eqg. (40).
However €or the rime case, the dran increases rapidly at

first, then levels off! and increases linearly at-a reduced
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rate. This analysis, as shown by the dotted line, ignores
t;;‘gbitial rapid increase and matches the linear section
assuming a step increase in drag as soon as icing begins,
The intercept of the linear drag law propbéed can be
obtained from fiqure 16. These empirical curves were
obtained from published experimental results on airféils

with leading edge roughness. Note that different types or

families of airfoils are affected differently by

roughness. These differences are due primarily to the
amount of laminar flow the clean airfoil experi=nces.
Gray allowed fo? this change by including terms based on
the airfoil leadina edge radius. Given a particular
airfoil, fiqure 16 can be used to estimate the step drag
rife. A value of k/c = 0.001 is representative of the
initial roughnese of the ice.

With the constant term in the proposed drag
correlation determined, the form of the time dependent
term must be developed. The independent variable must be
dimensionless to remove the scale effcct. For example,
two airfoils of different chord lenaths which have the
same scaled ice accunulations should have the same
increase in drag. Represcenting the drag rise as a
function of ice accumulation would however give these twvo
airfoils-different drac increments. A better choice of

the independent variable is the dimensionless collection
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parameter, AcF. This is just the cross sectional area of
the ice shape divided by the projected height of the
airfoil. Here the initial valué of E from the theoretical
analysis is used and note Ac is linear with time,

Fiqufe 17 shows some.ofwgbe qyailablé rime ice data
plotted versus the collection parameter, AcE. Note that
for all the airfoils the slope of the curve is the sare.

The predicted results shown on figure i7 use the values ...

from figure 1¢ for the Acf = 0 drag increments.

Expressing the results of figures 16 and 17 in.equation

form

8Cq = .01{15.80 1a(X)+ 28000 AcE + 1] (41).

wvhere I is the constant which depends on the airfoil type,

Table 3.
!
y Table 3 Constants For The Drag Eguation
i
‘ Airfoil Type Drag Constant, T Typical k/c
P = —
i 4 and 5 Diait 184 001

63 Series 218 001

64 Series 232 L0071
b 65 Series 252 001

66 Series 290 001

The new drag of the iced airfoil is then given by

Cds e =(1.+ ACd) Cy

! - Note that in all cases ACA is based on the ¢4 for the
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hydraulically smooth airfoil at the given angle of attack.
This removes a possible source of error since all models
may have different roughness levels due to the
constiruction techniques or condition of the surface.
Analysis Procedure

The aerodynamic analysis can be summarizeda as:

1) Calculate the icing characteristics and rime ice
shape using the procedures described in Sectious
II1I and 1V .

2) Use the airfeil code to analyze the clean
airfoil 1

3) use the airfoil code to analyze the smooth iced
airfoil to predict the change in maximum 1ift
corfficient

4} Use eg. (41 to correct the drag analysis for
roughness effects

Step 1 not only predicts the ice shape bLut the 1
cellection efficiency, E, which is needed to determine the
drag in step 4. Next the clean airfoil performance is f
analyzed to provide a baseline and also to generate the
value of Cd which the correlation of step 4 is based. The |
smooth ice shape is then analyzed using the-airfoil code
to determine the maximum 1lift and pitching moment.
Finally the empirical corrections are made to yield the
effect on drag due to the rime ice. This correlation
relies upon published data and the results of steps 1 and

2. This method for analyzing the aerodynamic effects of
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rime ice on airfoils uses the analytical methods which are
available or have been developed here, and supplements

]
; : these with emypirical-results_when needed.

T
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VI RESULTS AND DISCUSSION

The purpose of this study uas—ﬁo devéiop an analytical
method to analvze the réye icing-of airfoils. Therefore,
this section deals primarily with the validation of this
rethoo. The analysis will be. compared to other analytical
results and to the experimental data which are availabfg
or were generated specifically for this validation. 1Ia
addition, limited use of the method has been made to

analyze the effects of certain parameters on icing rates.

Trajectorv Analysis Validation

Langmuir [9] first formulated the droplet trajectory
equation for numerical solution on a difterential
analyser. Several calculations were made for the case of
a circular cylinder, since this flowfield can be expressed
in closed form. Llanamuir’s results were often used as
test cases for the NALCA and other trajectory calculation
rethods.

Table 4 is a summary of some of the analytical

predictions of icina rates on circular cylinders.
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Table 4 Comparison of The Present Method to That of
Langmuir [9] and Lozowski [67] for Cylinder
Icing Rates

Langnmuir Lozovwski Braag
Case No. 1 2 1 2 1 2 -
R 600 100 600 100 600 100
K 18 0.5 18 0.5 18 0.5
vVx 1.056 0.494 1,056 0.477 1.026 0.425
vy 0.193 0.725 0.19¢6 0.650 0.196 0.623
E 0.819 0.156 0Q.814 0.170 0.812 0.155
Bm 0.885 0.348 0.898 0.376 0.900 0.363
gnax 79.8  34.2 79.5 35.6 79.1- 34.4

m

Included in the table are the results of Langmuir and
Blodgett [9), Lozowski and Oleskiw [677], and the present
method. The results of two test cases are shown. Here Vx
and Vy are the dimensionless velocity components of the
tangent trajectory particle as it strikes the cylinder. By x
is the maximum impingement efficiency which for a circular
cylinder with no circulation occurs at 6= 0 degrees.
Here 6.is the angle which defines a point on the «ylinder
with 8 = 0 being the forward stagnation point. The limit
of impingement for the symmetric case is theu 67

As indicated, all three methods agrece very well on the
first test case, table 4. The agreement is within one
percent on the value of F and 6, vhile the values of 8.
are within two percent. Fowvwever for case two, while the
agreenent is good, there are some more significant

differences. Case 2 is a more severe test than Case 1
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since the value of K is _almost 20 times smaller. This

small value of K results in particles which are mueh rore
affected by the flowfield and therefore their trajectories
are more difficult to calculate accurately. BHere
Langmuir's method and the present method agree closely,
while Lozowski's calculations are about ten percent higher
in collection efficiency.

The source of the differences is not obvious. All
three methods use different equation solvers, drag laws,
and flowfield models. The allowable errors in the
numerical schemes may also be different. The present
method was run with the allowable error in E not to exceed
one percent. No error .tolerances were reported by
Lanamuir or Lozowski. The most likely explanation of the
difference in Lozowski's calculations is the drag law
chosen. Since these particles do have low inertia, a
small change in the assumed Cd could have a large effect
on the results.

Droplet trajectory calculations can also be compared
to early NACA results for impingement on a NACAR 65A004
airfoil. Pigure 18 shouws the early calculations [19])
compared to the present method for the airfoil at zero
degrees angle of attack. The comparison iu guite goo#
considering the errors involved in the early calculations.

Brun [ 17] estimates the error in B for the NACA method to
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b@.about ten percent. Thisvis due to the severe velocity
aradients around the small leading edge radius and the
difficulty in curve fitting, and determining the slope-of,
the y, versus S curve to get fR. The présent method
rerforms this calculation routinelf to within one or tvo
percent.

Pecently analytical results of airfoil droplet
impingement have been published by Lozowski and Oleskiw
[67). Llozowski's general numerical. scheme is the same.as
the present analysis, while the details of the solution
varies in several areas. Figure 19 is a comparison of
Lozowski's results and the present methoi for a NACA 0015
airfoil at eight dearees angle of attack. The results of
the two methods are in good aqreement in all arease. The
limits of impingement, Bp., , and the B curve itself are
practically identical. Lozowski's reported collection
efficiency of 0.501 seems high when compared to the two
curves and the value of 0.473 for the present method.

Fiqure 20 shows a similar comparison at a slightly
different conditicn. However here lLozowski [67] has
included i‘he Eassett unsteady memory term which was
d.opped from the differential equation used in this
method. The comparison is still good, with Loz wskit's
results showine _.re droplet impingement. The addition

greatly complicates the droplet trafectory calculation and
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results in only a small change in 8. This écrrection is,
however, within the the error caused by the difficulty in
measuring the droplet size distribution in a cloud, and
also the error inherent in a sphere draq curve fit:

Limited experimental data is available for water
droplet imﬁingnment rates on airfoils [30]7]. T;Pse data
vere taken using the dye tracer technigue in the NACA
Icing Reseé};h Tunnel. Impingement data taken on a NACA
65-212 airfoil at four dJeqrees angle of attack are
conpared to the theoretical results of this method in
figure 21. The comparison betveen the theoretical and
experimental results is quite good.. The absolute value of B
from the experiment may not be accurate due to the
problems in the calibration of the free stream conditions.
However the limits of impingement and overall character of
the curves compare very well. It should be noted that in
the experiment the droplets were not of a single uniform
size as was assumed in the present calculation. This
point will be discussed in the rext section.

The present method and’computer code for calculating
droplet trajectorier and ultimately impingement rates has
been compared to earlier works. Results from two very
early analvtical methods and a recent Canadian method
conpare very well to the present results. These

comparisons were made on both airfoils and cylinders.
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Comparison of the present_method to experimental results

was also shown to be very qood. The present method has ‘

therefore been shown to be valid and yield very_accurate -

droplet impingement results,
VMD Approximation
Actual icino clouds contain a distribution of water

drdplet sizes. PFiqure 22 shows the resulting B curves for

droplets from 10 to 50 microns impinsing_on a NACA 0052
airfoil at an anale of attack ef five dedgrees. The

tra jectories of the smaller particles are dcminated Ly the
draa term in the differential equation since the inertia
is small. The droplets follov the streamlines more.
closely and therefore few impinae on the leading edoge.
For the larcger droplets the inertia term dominates and a
larae percentage of the particles impinage on the airfoil
leading edge.. . Note that the area under the B curve is
proportional to the total mass striking the airfoil,
therefore clouds of larger particles will increase the
mase of ice accreted.

Usina the method of Section III and a Langmuir I
distribution of particle sizes, a B curve fo. the entire
cloud of nonuniform droplet sizes can be predicted, figure
23. Also depicted in figure 23 is the B curve for a single

droplet size, the volume median diameter, VMD. The VMDD  is

the droplet diamoter for which half the volume of water in
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the cloud is made un of droplets larger than the VMD, and
half the volume from droplets smaller than the_!ﬁg. As
seen in the fiq&re, the VHD“B curve is a very good
approximation to the actual icing cloud results. "The VMD

aoproximation slightly over predicts the B max and has

reduced maximum limits of impingement. However these

errors are acceptable in exchange for the reduction in
computer time. Ianorina the drople. size distribu£ion
effects saves an order of magnitude in computer time Dby
reducing the number of droplet diameters which must be
run. 7Tn addition it eliminates completely the
calculations needed to combine this information into one
~urve. Therefore, unless stated otherwise, all
impinaement calculations presented here will use the VMD
annfoximation.
Scalina Parameter Validation

The simplified siwilarity parameters K_ and K have

heen derived in Section III. Both parameters combine Ry

and K into a sinale dimensionless aquantity which greatly

simplifies the icina problem. These parameters can be
used to facilitate data presentation and to define test
conditions for scale model tests. Here experimental and
nunerical data are used to comparce and evaluate the
modified inertia parameter, K,, and the trajectory

similarity parameter, K.

i
1

e = o+ 1 e . T Y e
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Historically iciug data has been presented using the
mod&fi@d inertié parameter. The dearee to which Ko
compresses this duta to a single curve provides a measure
of the accuracy_of the approximation. Fiqure 24 shows the
airfoil collection efficiency, F, for three different free
stream Reynolds numbers and for various values of kX
plotted versus K,. The results are from an early NACA
analytical study [173 of a NACA 65A004 airfoil at four
degrees_angle of attack. The same data are plotted as a
function of K in figure 25. Here C is taken as one and
Y = 0.35 as discussed earlier. Both parameters reduce the
data toward a single curve, but the K parameter shows
somewhat less deviation from the curve. 1It is not clear
from thesc results if the scatter in the data is caused by
the similarity parameter avproximation, or if the error is
in the numerical results for I.

To attempt to resolve this uncertainty the present
droplet tradjectory code was used to generate similar data.
HerTe a NACA 0012 airfoil at zero degrees angle of attack
vas analyzed at three ditferent values of Ry and five
values of K. These results, plotted as a function of Ko
and K, are given in tigures 26 and 27, respectively. Here
both Ko and K do an excellent job of reducing the data to
a sinale curve. This suggests that the scatter in tigures

24 and 25 is error in the early numerical data, and not a
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reflection upon the accuracy of K  and K.

Both the modified imnertia parameter and the trajecéory
similarity vparameter simplify the dropiet trajectory data
presentation. An additional numerical check on the
validity of the parawmeters can be made by comparing scaled
droplet impinugenent efficiency c&rvesq ‘The results of
using Ko and R as scaling parameters for a one-sixth scale
nodel are shown in figure 28. These curves-;ere generated
using the method and computer code described earlier.v

For scalina droplet trajectories the K parameter has a
dJefinite edge over Ko since y may be optimized for each
droplet size (the VMD if a distribution is considered).
The procedure used for determing Y described earlier
yields a Y of 0.30 for the 15 micron full scale droplet
and 0.39 for the 30 micron size droplet size droplet. The
values of RU and K used as well as the droplet diameter,

are given in table 5.
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Table 5 Scaled variables for Analytical Icing Test
Using_K and K

T AAUSETT I TR T A

b

r Full Scale One~Sixth Scale Model

L K Ko
S(um) . 15.0 523 505
RU 115.6 40.30 38.93
K= 0.0393 0.0286 0.0267
S (um) 30.0 9,86 9.60
RU 231.2 75.37 73.98
K 0.1572 0.1018 0.0966

Note that for. this example it was assumed thait_only
the particle'ﬁiameter would be changed to provide the
scaling. All other variables such as the aircraft
velocity, droplet density, air density, etc would be held

constant. This yields an equation for the droplet

ST T T T R T T LT T ST T TR e K RS T et TR R NSl

diameter of 1-
-Y

2
' ' SCR

b
; The important results of the scaling comparison of figure

28 are summarized_in table 6.




Table 6 Results of The Drcplet Trajectory Scaling
Comparison

SEREE

g Fuil Scale One-Sixth Scale  --—
; K- K,
7 §= 15 um

E —_—

R

® b 0.0555 0.0557 0.0508
z Buiax 0.332 — 6.331 0.323
3 §= 30 um

j L 0.173 0.174 0.166
¥ B nax 0.560 0.563 0.563
)

While Ko does a reasonable job of reproducing the full
scale teajectories, the added flexibility in the K
parameter allows for an excellent trajectory scalina. No
experimental results afe available to evaluate the
similarity perameters for tne airfoil icing scalina
problem. . .

However, recently published éxperimental results by

ormsbee and Fraga [54] are available for a similar droplet.
frajectory case. In these tests conducteda in the NASA

Lanuley Vortex Research Facility, thrée gesmetrically

scaled agricultural aircraft models were used to inject

scaled spherical particles into the model wake. Using thu
complete set of similarity parameters for the droplet

dynamics Ry, K, and Fr results in a unigue scaled test
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particle of low density and large diameter. Relaxing the

constraints on the scaled particles by replacing Ry and K __.

by K vields an infinite number of candidate test ~

particles. This greatly simplifies the task of obtaininag
the test varticles. . While Ormsbee and Bragg did not use K
in the samc form as it was derived here, their method is
completely equivalent in that they made a similar scaling
approximation.

In these tests a hypothetical full scale aircraft ang
droplet test conditions were chosen. These were then
scaled to determine the equivalent test conditions for a
0-¢0, 0.15, and 0.20 scale model. Table 7 shows the full
scale and model test conditions while the particle
trajectory resulis are summarized in fiqgure 29.

Table 7 Scaled Physical Variables for Droplets
in Aircraft Wake

Mmodel Scale

0.10 0.15 0.20 1.0

¥ing semisoan, 1-.22 1.83 2.u44 40.0
Model velocity, m/sec 16.8 20.6 23.8 53.3
Altitude, m .622 .933 1.24 20.4
Angle of attack, deg 2.00 2.00 2.00 2.00
Particle diameter, um 105. 125. 105, 490.

Particle density, g/cm3  2.42 2.42 3.99  1.00

’

Presented in the fiqure is the lateral transport of the

particles by the wake vortex system as a function of the
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initial injector location. Por all three models the
lateral transport_of the scaled particles is the same,
verifying the X scaling analysis. Scaling_tests were also
conducted [54] in which other 1lift coefficients, aircraft
altitudes, and full scale droplet sizes were used and in
all cares the particle trajectories scaled well.

Tra jectory Results

Although the objective of this study was to generate
rime ice shapes and evaluate their aerodynanmic
performance, the trajectory calculation: ilone provide
much useful information. The droplet trajectory computer
program can be used to conduct a sensitivity analysis and
provide physical insight into the impingement process.
The information provided by the analysis such as the
overall collection effjciency and maximum lirits of
impingement can be used directly in the design of ice
protection systers.

Figure 30 shows the paths of water droplets around a
NARCA 0012 airfoil. Trajectories are shown at both zero
and five dedarees anale of attack. Note that at five
degrees the droplets which impingement on the airfoil
start out below the airfoil in the free stream. This is
of course due to the upwash in front of a lifting airfoil.
The particles which miss the airfoil by passing over the

leading edge gain a large amount of kinetic eneray in the
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leading edge region. These particles are therefore less
inflaenced bv the fleowfield over the aft part of the
airfoil. Although little guantitative inforﬁgtion is
obtained froa..the trajectory plots, some physical feel for
the problem cen be gained from them. For example, droplet
trajectory plots proved very valuable in identifying_
reqions on.the airfoil where no particles hit the surface.

This led to modifications in the spline fitting program as

Jdescribed™ in Section Iv.

The effect of airfoil angle of attack on droplet
iméinqement efficiency is shown in figure 31. As expected
the area of imnpingement moves more toward the lower
surface as t.~ angle of attack is increased. Also the
area under the B curve, the total mass collected,
increases with angle of attack. A slight change in the
location and value of B max, the maximum local
impingement, occurs with the increase in angle of attack.
ThHis effects the shape of the leading edge ice shape which
may cause large differences in the aerodynamic performance
of airfoils iced at different anqgles of attack.

P sensitivity analysis may also be performed by
varyina the value of K, the inertia parameter. Vvarying K
while holding Ry constant curresponds physically to
subjecting airfoils of different chord lengths to the same

icing conditions. Note that the airfoil chord, c, appears
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in the denowminator of K, so reducing c increases the value
of K. 1Increcasing K while holding Ry constant means that R
increases linearly with XK.

Figqure 32 demonstrates the effect of varying K, or
equivalently K. Here the casc of a NACA 0012 ot chord
six, three, and two feet (increasing K) is shown. Then as
the airfoil chord decreases the overall collection
efficiency, area under the B curve, increases. Since the
smaller airfoils have more severe velocity gradients near
the leading edge, the droplets are not able to follow the
streamlines as well, and more droplets impinge on the
airfoil. This is observed in flight when tail surfaces,
because of their sSmaller chord, accrete proportionately.
more ice than the main wing. It is interesting to note
tiat for the rande ol K represented by figure 32, K = .008
tc .025, the collection e€ficiency as given in figure 27
is almost linear. 1In fact for this special case as K
increaced 200 percent, suv did the collection efficiency,
E.

Figure 27 also represents another use of the method.
Usina K as the independent variable, the initial icing
rates and other results mav be generated to evaluate the
susceptibility to icing of a particular airfoil. Here

only E is oresented as a function of K, but a complete
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airfoil analysis would include plots of B g% + Syr Sis

and the actual R curves. - S

Ice Shape Calculation

Before the aerodynamic performance of an airfoil with
rime ice can he determined, the ice shape must be
accurately predicted. This involves the time-stepping
procedure outlined in Section IXI. Having shown_that the.
initial icing rates predicted by the method are valid, the
accuracy of the time-stejping model to predict rime shapés-—-~
vill now be examined.

First the assumed direction of growth out from the
airfoil surface must be determined. Fiqure 33 shows a
normal and tangent growth predicted from the same initial
droplet impingement information. Both shapes represent
one large . icing step, that is no time-stepping was
performed. The predicted tanagent shape grows out into the

onconing droplets. With its increased maximum growth and

i

reduced leadina edge radius it .has the general shape of a
measured ice accretion. Hovever physical intuition would
sugaest the normal growth to be the correct mode. 1In the {
limit as the icing time goes to 2zero, the tangent growth
approaches the same shape as the normal mode. 1t is felt
that the normal grewth model is the physically correct
sotution for a time-stepping procedure. The tangent ‘

growth appears to be an approximation to the time-stepping ]
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method-as will-be more obvious later

The time-stepping procedure is demonstrated in figures

34 and 35 on a modified NACA 64-~215 airfoil at a cruise
condition. Here the anale of attack is 0.7 degrees and BU
= 115.6 while K = 0.044, Three time ;;eps_were taken,
each representing £ive minutes of icinyg with the
accunmulation parameter, Ac, eqﬁal to 0.0133. Pigure 34
shows the predicted ice shapes—from the B curves of figure
35, Note that in the time-stepping method first the
impingement elfficiency is calculated on the clean airfoil,
step 1 figure 3b., Then this R curve is used to predict
the first ice shape figure 34. The flowfield is then
recalculated, the step 2 B curve qenerated, the new ice
shape 2 predicted, and the iteration is continued.
Therefore figures 34 and 35 are intinmately related.
Examing figure 35 the changing airfoil shape is seen
to have a sianificant effect on the droplet impingement
characteristics. This supports the need tor a time-
stepping approach. The change in the impinuement values

with time are summarized in Table 8.
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i Table & Time Step Farameters

i .

: Step . ..  Ac Brax bY AS

t, 1 0.0133 0.3%58  0.00983 0.0495
2 0.0133 0.411 0.00909 0.0379
3 0.0133 0.u72 0.00910 0.0342

The maximum inpingement efficiency B max, increases with
time while the iced surface length on the airfoil, as,
decreases. The_overall collection efficiency decreases
§ slightly for this case. Another interesting_feature is
the development of the second peak in the curve on the
third time step. R TR

All these effects of time are also reflected in the
? predicted ice qgrowth, tigure 34. The increase in B max
F and reduction ir AS genecrates the reduced leading edge

radius of the ice and the mere pointed shape. The secongd

peak in the B curve results in the reflexed upper surface
"bump'™ on the third time step. The effect of time-

stepovina is then apparent from the change in the curves

frem steps 1 to 3.

The accuracy of the time stepping model will be-a
function of the size of the time step taken. Figure 36
shows the predicted ice shape for the same wodified 64-215
airfoil with one, three, and six time steps. Here the
corresponding Ac's are 0.04, 0.0133, and 0.067

respectively. The B curves for the six time step-case are
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given in fiqure 37. A significant chanqe in éhape is seen
between one and—three stepé; while the chahée tfrom three
to six steps is relatively small. In fact the change in
shape from thiee to ;ix steps is probably due as much fronm
numerieal error as from an improvement in the physical
modeling.

A similar study .on the effect.of step size was
conducted using a NACA 653413 airfoii. The airfoil was

analyzed at cne degree angle of attack with Ry = 147 and

K= 0.7118. The length of the icing encounter is eight

minutes, which for the free stream conditions assumed,
gives an accumulation parameter tor the total time of
0.044. The predicted ice shapes for one, two, and four
time steps are shown in . figure 38. Figures 39 and 40 are

the corresponding B curves. Here the.shapes do chanae

frem the two to four time step case. ‘The maximum amount
of ice growth, and the shape of the ice near the limits of
impingement, do not agree. The-four time step case has
essentially taken mass from near the limit€ of impingement
and shifted-it forward by extending the leading edge 1
arowth.
From these two cases, and other-experience with the

method, some aquidelies in selecting the step size can be
formulated. The criti€al area is the region near the

maximum limits of impinaement. The ice in this reaion
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should nct be allowed to grow more than that which

generates a shape that blends in smoothly with the

o ORI T K T R

airfoil. A rule of thumb is that the maximum growth in a

single step should not exceed one-half of one percent
chord, x = 0.005. This corresponds rnughly to holding

Acpax. € 0.005. The allowable step size is actually a

function of the leading edge geometry and the shape of the 8
curve. With airfoils with small leading edge radii
requiring the smaller step size. The rule of thumb giwven,
however, pruvides guidance in selecting an acceptable step

size. The lover bound ot the step size is governed by the

amount of computer time required per step and the
accumulation of numerical error. Error accumulates
primarily due to the courdinate smoothing process. The
snoothing required iz due in vart to the discontinuous
P surface radius of curvature o. some airfoils and this
problem is aggravated as more steps are taken. From
experience the step size suggested appears to be an
optimum for reducing computation time and increasing
accuracy.

¥ith the time-stepping procedure eStablished, this
method for predicting ice shapes can nov be compared to
some experimental results. BSxperimental tests completed
recently in the NASA Icing Research Tunnel have generated

experimental rime ice shapes for the moditied NACA 64-215%
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airfoil (68]. The experimental rime ice shape for the
: cruise condition is comjared to the present analytical

method in figure 41. Twe ice accretion is small and
therefore only the first one percent of the airfo{i is
shown. the experimental_shape and the time stepped
prediction (from figure 36)_compare very well.” The no
time step case is also--shown to demonstrate the

improvement in the prediction_when the time effects are

] included.

The results of this comparison, and other test cases,
permit some important conclusions to be drawmn. The time-
steppring was done fdr this case assuming normal ice
arowth. Comvuring figure 41 to the normal and tangent
growth in figure 33 a similarity is seen. The tangent
gyrowth has the same general shape as the time stepped
prediction. This suggests that the tangent growth is an

approximation to the time effects. Also note that the

time stepped shape predicts the reflexed upper.surface
recdion and bump- as seen in the experimental shape. The

upoer node recenbles the beginning of-a second horn as on

a alaze ice shave. However here it occurs solely as a
result of the .time effects on the flowfield-and droplet
dynamics. While glaze ice agfowth is certainly a
thermodynamic process, thic result suggests that

impinaement characteristics may also be very important.
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For accurate glaze ice shape predictions, the time effects
on the impingement rates should also be consiqgred.

This method has also been compared to the experimental
results reported by Gray [37] on a NACA 65A004 airfoil.
The ;irfoil is at two deagrees angle of attack, R = 113
and X = 0.J417, and the icing time is £ive minutes, Ac =
0.0215. The experimental and analytical ice shape is
shown in figure 42. The time-stepping improves the ice
shape prediction over the no time stepped case, but the
shape is off considerably along the lower surface. .

The overall collection efficiency parameters, however,
compare very well, Table 9.

Table 9 Coaparison of Theory and Experiment
on the NACA 65A0u4 Airfoil

Experiment Analysis
W (lh ice s ft span) 0.404 0.331
B e 0.208 0.162
Sy 0.0035 0.0040
S 0.090 0.10
1% area, ft2 0.0207 0.0062
Ice Density (% of HZO) 31. 85.

The total mase collected, the collection efficiency, and
the limits of impingement are verv close for both the
experiment and the analysis. However large discrepencies
occur in the crouss sectional area of the ice and the ice

deusity. The error ariscs due to the assumed ice density,
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85 percent the density ot water. This value is within the
range of 75 to 91 reported by ¥Wilder [41] and close to the
value of 89 used by Lozowski and 01eskiw'[b7]. All these
values are far from the 31 percent measured in the icing
tunnel test.

The very low measured value of ice density can be. . .
attributed to the formation of rime feathers on the lower
surface ice shape. These ice formations can be s;en in -
the nhotoqgraphs and sketchs of reference 37. Rinme
feathers are thin layers of ice separated by layers of air
which sormetimes form during rime ice accretions. the
occurence of rime feathers, which drastically reduces the
overall ice density, is difficult to predict. These
feathers cause the etfective ice density to be a function
of S. If the correct ice density could have been used in
the prediction of figqure 42 the agreement would have been
much better. The prescnt method does not handle the rime
feather case. However, wheu methods are available to
predict the formation of rime feathers, this could easily
be incorporated in the procedure.

Aerodynamic Analysis

The details of the rrediction of iced airtoil
pecformance is given in Section ¥. As noted there, little
aerodynamic data is available for use in veriiying the

method. Therefore an airfoil test was performed on a
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simulated rime ice shape to generate data for this
purpose. the analytical methgﬁ will first be compared to
the simulated ice shape data. Then for the ice shape
predictions already discussed, the predicted airfoil
Aperformance will be compared to the experimental data:

The simulated ice shape test was conducted on a NACA
65A413 airfoil with the 'shape being that predicted by the
analysis in fiqure 38. The tests were_copnducted in the 6
by 22 inch transonic wind tunnel located at The Ohio State
University's Aeronautical and Astronautical Research
Laboratory. Pour different configurations were tested to
separate out the roughness and shape effects as are done
in the analysis. Complete details of the experiment can
be found in Appendix A. Here the data are compared. to the
analvsis.

No detailed pressure data can be found in the
literature for airfoils with ice shapes, real or
simulated. Even the most recent work by the Soviet~
Swedish group [2) on simulated ice shapes contains no
airfoil pressure distributions. - These data are necessafy
for a detailed evaluation of the airfoil analysis code.
Pigure 43 shows the measured and predicted Cp distribution
on the clean airfoil. Here the comparison is made at a
lift coefficient of 0.52, Reynoldis number based on chord

1emqgth of three million, and %ach number of 0.40. The
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- pressure distribution predicted by the Eppler code is very : g
- —_— - ' - ]
E close to that measured in the tunnel. The leading edge

discontinuity on both the upper and lower surfaces is

predicted, although the upper surface is off somevhat in
magnitude.. The rest of the pressufe distribution also

agreec well. A slight deviation is seen near the trailing

edge where the boundary layer thickness affects the
pressures. This is not aggouﬁteq_for in the current
version of the Eppler analysis code.

Figure 44 compares the measured ard predicted pressure
distributions. on the airfoil with the s.mulated rime ice

shape. The 1li1ft coefficient for this comparison is 0.45.

DN M 3 e e WL RN TR W ¥

The most noticeable feature of the experimental Cp
distribution are the discontinuous pressure spikes on the

upver and lower surface of the leading edge. These spikes

are predicted fairly well by the analysis. The presence
of the spikes will cause early boundary layer transition
and probably the formation of leaaing edge separation
bubbles. Therefore the ability of the airfoil code to
accurately predict this pressure disteibution is the first
stev toward the accurate analysis of airfoils with rime
ice.

The comparison between the measured and predicted 1iftt

coofficients is shown in fiqure 45, The predicted angle

of zero lift compares very welli while the 1ift curve slopé
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sliantly hiaher Cgmax and anale of attacke The method
apoears to do a reasonable job of predicting Cgmax
aeqradation gue to rime ice accretione.

The experimenxal and-thheoretical dray polars are
shown in fiqurefu6. Here three sets of experimental and
theoretical predictions are presented; the clean airfoil,
..the asirfoil yith voughness on—-the first three percent
(x/c = 0.0025) and the airfoil with the same roughnesé on
the cimulated rime ice shape. 1n¢ clean preéiction is
fron Eppler with yransition moved forward using his
roughness parameier. ThiS result compares well tO
experiment. when roughness jg added 1O the airfoil the
drag jncreascs as expectea. Using Eppler t© determine the
hydraulically smooth airfoil drag and eg. (1), the
predictpﬁ jrag values are very close to the peasvred ocnese
This yrovides a good check on the empirical roughness data
gged in developing eq. (V-

The drad of the simulated rime ice shape (vith
rouohnoss) 13 also stown in figure ue . Here the roughness
extends pack to X % 0.03 on the airfoil and covers.-the
entire cime jce Shapee The dradg prediction ¥ysing €9d- (v
with Acbt # 0. 03616 is conservative compared 19O the
éxporimpntal results. The pmeasured value of ca is 0.0155
compared to @ prodicted yalue of 0.018%. This is an

increse of 2ub percent and 311 percent respvctively over
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the smooth value of 0.0045. Considering the difficulty of
the analysis, this represents a reasonabl e compérison.
Note also that_the theory is based on actual iced airfoil
data and a simulated ice shape was tested. Therefore, the
error--may be due in part to the way in which the icg shape
was simulated. This error in the simulation can not be
deternined trom these tests, and it suggests that an

“T-T;;werimental proaran is needed to develop ice éimulation
techniques.

The analytical method for calculating icec airfoil
performance has been compared to actual airfoil icing
tests. The predicted ice shape of figure 34 has been
armalyzed and the results are shown in fiqures 47 and 48.
The airfoil useld is the modified NACA 64-215. The lift
coefficient curve, fiqure 47, shows the expected reduction
in Cgmax due to a leadina edge bubble. Unfortunately no
1ift coefficient data was taken on the actual iced airfoil
to be used for comparison. This reduction in maximum 1ift
coefficient duves hoWwever seem reasonable when coampared to
similar airfoil results.

The analytically predicted dray polars for both the
clean and iced airfoils are shown in figure 48. Here
exnerimental values of ¢ ag coefficient at 0.7 degrees
angdle of attack are available for the elean and iced

airfoil (68 ). Since no ice roughness was reported, the
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rggults are shown for values of k/c of 0.001 tc 0.005

which bracket the usual range of rime ice roughness. Here

the comparison between theory and experiment is very good,

~ "~ especially the increment in the drag due to the ice.
i Again the clean value is calculated using the Eppler
proaram with his roughness correction and the increase in
drag is based on eq. (41).

The NACA €5A004 airfoil has been analyzed using the
rime ice shape predicted in figure 42. The predicted drag
polar and the measured wvalues are shown in figure 49.

Here again the experimental drag values are only available
at one angle of attack. The analysis does an excellent
job of predicting the draq increase for values in the
cruise ranae.

The effect of the ice shape on the maximum 1ift
coefficient is very unusual for this particular airfoil.
As seen in figure 42 the ice shape forms a leading edge
flap for this thin airfoil. The measured increase for
this-case is approximately 23 percent while the analysis
shows a 12 percent increase in maximum 1ift coefficient.
Although numerically this comparison may seem less than
desireable, it actually lends a great deal of confidence
to the method. The B£5A004 is a very severe test of the

analvsis since the airfoil is so thin. To predict an

increase in C, wnich is conservative demonstrates that
“max
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the leadinag edage region is beina handled correctly by the
analysis.

The areodynamic analysis has been_.compared to both
simulated and actual rime ice on three very different
ajrfoil sections. All the.results, both lift and draq,
have compared very well considering the dificulty in
performing the analysis. The method for the aerodynamic
analysis of airfoils with rime ice presented here has been
shown to be a reliable procedure. Hopefully the empirical
corrections to the draaq predictions can eventually be

replaced by analytical methods when they become available.
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VIL., SUMMARY AND CONCLUSIONS

A methodology has been developed to predict the growth
of rime ice, and the resulting aerodynamic_penalty, on
pnprotected airfoil surfaces. This method has for the
first time included the time effects into the icing
analysis. A large portion of this study was involved in
the numerical formulation of the problem for .digital _
computer solution. However, the derivation of two new
similarity parameters was primarily an analytical
exercise, while some experimental work was performed in a
wind tunnel evaluation of the aerodynamic analysis.

The calculation of water droplet trajectories was
performed by a step inteqration of the governing stiff
system of ordinary differential eguations. The reguired
flowfield was provided by a modified Theodorsen method.
Although calculations of this type have been performed
earlier, by using state of-the-art computational
facilities and namerical proceedures a large improvement
has been made. The present procedure was faster, more

accurate, and more generally .applicable than earlier

methods.
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An in depth analysis of the governing differential

equatiqn.has lead to a simplificd similority parameter for
the problem. Ry using a reduced form of the droplet drag
eguation the two similarity parameters, Ry and K, were
combined into a sinale parameter, K, the traj;ctory
similarity parameter. This greatly simplified the
analysise.—

By making a further simplification to the droplet drag
equation the modifiea inertia parameter, K,, first
suggested by Langmuir, was derived in the same.manner. As
a result of this analysis a closed form solution was found
for Koe This was the first derivation of K, from the
governing 4if ferential eguation., and the first time a
Glosed form solution for it has ever been found.
Experimental and numecrical results have been presented in
support of K4 and K. The new trajectory similarity
parameter has been found to be superior to K,, especially
in scaling applications.

Using the results of droplet trajectory calculations
rime ice shapes have been predicted. 1In the derivation of
these equations a similarity parameter has been
identified, the accumulation parameter, Ac. For a given
geometry and K the accurulation parameter governs the

grovth of rime ice on airfoils.
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As rime ice builds up on an airfoil leading edge the
effective airfoil shape becomes a function of time. This
then results in the surfaégngiux of impinging water
droplets also being a function of time. The present ) T
method has included these effects int;q;he ice shape
prediction. A time-stepping proceﬁure was employed where
the airfoil geometry, flowfield, and droplet impingement
efficiencies were updated périodically during the ice i
accretion praocesc. Comparison of predicted rime ice
shapes to those measured in a icina wind tunnel compared
well. A siqnificant improvement was seen in the
theoretical shapes when the time-stepping procedure was
used.

The time~steppina procedure has provided insight into
the ice accretion process. Sone researchers have
suqaested that the ice actually grows out frow the surface
tangent to the incoming droplet trajectories. This o
tangent ice growth has been shown to be nerely an

approximation to the time etfects where the usual growth

out normal to the surface was used. VWith the importance
of including time effects in the rime icing analysis
demonstrated, the method is expected to provide similar
improvements to glaze ice-predictions.

The aerodynamic effects of rime ice accretions on

airfoils includes a reduction in maximum 1lift coefficient
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and an increase in drag. EFailier methods for predicting
the degradation in airfoil performance with ice relied

totally upon empirical correlations. These methods,

h5&ever, dealt only with the changes in drag and were

based on initial icing rates. The present method for

evaluating the iced airfoil performance was based on an

analytical analysis of the resulting airfoil shape after

ice accretion. The mehtod postulated that the aerodynamic

effects of rime ice were 3ue to: 1) the surfaCe roughness
of the ice, and 2) the change in leading edée geometry due
to the smocoth ice shape. These two mechanisms were then
handled separately by the analysis.

The smooth ice shape was analyzed using existing
airfoil analysis codes. The surface roughness effect was
handled by correcting the analytical results based on an
empirical equation which was developed here.

Since no detailed aerodynamic data on an airfoil with

rime ice was available, wind tunnel tests on an airfoil

-}1th_simnlﬁigﬁ_Jimg_ina_xana,cgnduc:gﬁ&. The experiment

identified the effect surface roughness and ice shape have
on airfoil performance. In addition to lift and drag
data, these tests generated the first detailed pressure
measurements ever taken on an airfoil with simnlated ice.
The predicted pressure distributions rompared well with

the experimental-results as did the values for Cy and Cd.




96

The aerodynamic analysis was verified further using values
of 1ift and draa from icing wind tunnel tests of actual

ice accretions.

The present study has identified areas where

additional work is nceded. The analytical method could be
improved by ei:her removinqwthe need to smooth the shape
or improving the smoothing procedure. This would increaég
the accuracy of the ice shape p;;diction and allow smaller
step sizes. 1In addition better information on the iéé
density would greatly improve the method., Future
analytical research on rough airfoil drag could remove the
neea to use an empirical-drag correlation. Experimentally
the need is to expand the old, and very limited, data base
in terms of accurate ice shapes, ice densities, and
airfoil aerodvnamic performance penalties. However the
most seriouc need is to extend this work to the glaze ice
case where a flowfield vith large zones of separated flow
must be accurately predicted.

In summary the rime icing—methodology presented here
has édvanced the state-of-the-art in four major arease.
Pirst, the effects of time on the ice accretion process
have been included ih the analysis. By using the time-

stepning method-very accurate rime ice shapes can be

predicted. Second, an aerodynamic analysis has been

formulated which is based on the actual iced airfoil
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i geometry., Unlike early methods which estimated C4d from
é oﬁiy initial icing rates, this method predicts Cy and Ca
from the new airfoil geometry with some enpirical

5 corrections. : -

The third major contribution came from the wind tunnel

test of the simulateu ice shape. Here for the first time

dotailéé aerodvnamic data, including surface pressure
distributions., werec taken on an_airfoil vitg—simulated
rime ice. The data provided a great deal of inéﬁght into
the prroblem and an excellent test case for the present,and
tor future aerodynamic analysis. The similariﬁf analysis
rrovided the final contribution. Two new parameters, K,
the trajectory similarity parameter, and, Ac, the
accumulation parameter have been derived and shown to

govern the accretion of rime ice on airfoils. 1In

addition, Kge the modified inertia parameter has been

derived from the governing differential equation and the

first closed form solution for K,—has been presented.
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APPENDIX

AD experimental jrogran has been conducggd_gi thVOhie_
Statewnnixgrsjr;'s peronautical and Astronautiqal'aegearch
Laboratory to determine the aerodynanic characterisrics of
an airfoll with simulated rime ice. R wind tunnel test
was performed using an existing airfoil sectiéni;o gather
data to be used in_ihg_ga;;ﬁation of the iced airfoil
analysis method. The experiment was performed not only to.
generate simulated rime ice_aerqunamic,data, put also to
rest the hypothesis used in the~ana1ytica1 pethod that the
effects of ice shape and roughness can be handled
separately.

The tests were conducted using four different nodel
confiaqugations:

1.) Clean airfoil (baseline)

2.) pirfoil with 1eading edage roughness

3.) pirfoil with smooth rime ice -shape

b.) pirfoil with rime ice shape and leading edge

roughness added (simulated rime ice)

BY evaluating the aerod?namic characteristics of each
confiaguration, the etfects of surface rouq}ngss.and ice
shape €ab be determined. BY corparing model two to the

baseline a check on the ACd prediction of figure 15 can be

made as vell as @ check an_the chmax data ot Brumby.
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fiqure 3. The results of models 3 and 4 compared to the

baseline will provide verification of the L2 analysis.
ax
Pinally the tests of model 4 w111 verify the entire

theoretical method.

Experimental Facility

The experimental facility used in this study was the
0SU 6 by 22 Transonic Airfoil Wind Tunnel [69]. The
tunnel is designed for two diwmensional testing with a test
section six inches wide, twenty-two inches high, and
forty~four inches lonq.. The side walls are solid, while
the top and bottom walls of the tunnel are perforated with
a porosity of ten percent. The tunnel operates in a
blowdown mode with the Mach number controlled by a choke
downstream of the test section. Mach numbers from 0.2 to
1.1 arc available. The total pressure in the stagnation
chamber is varied to control the Reynolds number and
provide a range of 1.5 to 33 million per foot.

Lift and moment coefficient data are normally taken
usinag model static pressure taps. Pressure measurements
are made with a Scanivalve, trapped volume system which is
sampled with a transducer after the tunnel is shut down.
Drag data are taken using a wake survey probe which
traverses the wake recording the staanation pressure
deficit. The data collected is digitiéed and stored on

rwnetic tape in the Harris SLASY 6 Digital Computational
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Facility [70] of the Aeronautical and Astronautical
Research lLaboratory. The data is then reduced to
coefficient form [71] and output as qﬁick look data dn a
CRT dieplay or hard copy printed and plotted.

The interference effects in the 0SU 6 by 22 Wind
Tunnel have been investigated {69]. Confinement
interference, spanwise interference from the side walls,
and flow guality have been evaluated. . The correction

required for six inch chord models-has been showa to be

negliagible. The correction to the angle of attack is on
the order of 0.17- degrees per unit Cyo. Since this test

vill use a six inch c¢hord airfoil, no corrections need be

e L e

made to the data.

Airfoil Model

A NACA 652413 airfoil section was selected for the

y experiment. 7The model used in the wind turnnel was a brass
model of six inch chocrd and six inch span, figure A-1.
; The original airfoil model was instrumented with 46 static
| plfessure taps of which 42 were used in the data reduction.
. The trailing edge tap is located-on the sidewall due to |
the physical constrainte.
The rime shape which was simulated was that predicted
b¥ the time-steppinc analysis of figure 37. A comparison
of the predicted shape and the shape used on the tunnel

mode)l is given in fiqgure A-2. Note that-since the
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objective of the test was to generate baseline data to
validate the anal;sis, the accurate reproduction of the
predicted shape is not reguired. All that is required is
that the ice shape simulated be a representative geometfy
and that it be adequately documented for the analytical
comnparisen.

A schematic of the airfoil model with the simulated
rime ice shape is shown in fiqures A-3 and A-4. The rine
ice shape was simulated by adding a 0.145 inch outside
diameter tube to the airfoil leading edge. The nmounting
blocks were drilled to allow the tube to extend out of the
tunnel on both sides. The center section of the tube was
replaced by a solid rod which was drilled through to pick
up the existino leading edge pressure tap. The tube, now
plugged in the center, was used to add an additional tap
on the leading edge upper annd lower surfaces, figure A-4.
The ice shape was corpleted by building up the area
between the tube and the airfoil until the desired shape
vas reached. Care was taken to ensure that the affected
airfoil pressure taps were extended up throuah this region
to the new airfoil surface. A photograph of the airfoil
nodel with the simulated rime ice Shape is chown in figqure
A-5.,

Roughness was added to the model for configurations 2

and-U. This roughness was intended to simulate the actual




B el

W T AR T - - A A

— 159

roughness on a rime icg_fhape. Rime ice surface rouqhneés
is typically in the range of k/c = 0.001 to d.OOS.
Carborundum grit with an a#erage size of 0.015 inches was
used. This scales tc a k/c of 0.002% for a six inch chord
model.

The grit was applied by first coating the surface with
Krylon clear acrylié spray to provide the adhesive. The
roughness—elenents were then applied to the surface and
tvo or three coats of acrylic were applied to ensure that
the particles were firmly adhered to the surface. The
rouahness was applied t6 the leading-edge of the airfoil
upper and lower surface back to three percent airfoil
chord for both configurations 2 and 4. The roughness
elements were distributed randomly at a concentration of
about 250 per square inch of surface area, figure A=-b.
Results and Discussion

The airfoil section selected is typical of that
currefntly in use on general aviation and business
aircraft. To sinmulate actual operating cornditions, _a Mach
number of 0.40 and a Reynolds number based on chord length
of 3 million were chosen for the cruise case. These
conditions were used in testing the airfoil at angles of
attack of eight degrees and less. To determine the
maximum 1lift coefficient, conditions more typical of a

Yanding approach were used. For andgles.of attack greater

PP
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than eight degrees a Mach number of 0.23 and Reynolds

number of 2 million were used.

Pressure distributions for the clean airfoil and with
sur face roughness added, configurations 1 and 2, are shown
;;_Eigure A-7. Here botﬂ airfoils are at two degrees
angle of attack. Both curves are similar, hovever the
areas, which qué the model lift coefficient, are -
different. The model with roughness experiences a
decrease in 1ift over the clean model. This is probably

due to the etffect of the roughness on the boundary layer.

The roughness results in a thicker boundary laver at the

trailing edge upper sutrface and therefore a larger
displa®ement thickness. This effectively removes camber
from the airfoil and decreases the 1ift, shifting to a g
more positive value.

Note also the reduced pressure recovery at the
trailing &dge for the rough airfoil. This suggests
increased drag which can be easily se¢en in the wake
deficit plots of figufé A-8. Here the roughened airfoil
has a larger velocity deficit, and therefore more drag.
This result is in good agreement with earlicr experimental
work showing increased drag with surface roughness.

The airfoil with simulated rime ice experiences
somevhat different surface pressures near the leading

edge, figure R-9. VNote that here the chord length is _
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based on the iéed airfoil chord, 1.024 times the original

chord. The aft portion of the Cp distribution is similar
to the no ice case, however the leading edge region is
altered by the ice shape. Pressure spikes, severé
discontinuities in the pressure di;Zribution, occur on the
upper and -lower surfaces where the ice shape joins tﬁ;
airfoil contour. Por this ice shape this represents a
discontinuity in the second derivative of the surface

shape. These spikes were detected by the two additional

pressure taps installed in the tube which forms the

leading edge shape of the simulated ice. This

demonstrates the importance of the installation of.
pressure taps in simulated ice shapes. The effects of the
pressure spikes will be seen to be more Serious. at higher
angles of attack.

Pigure A-10 shows the lift coecfficient as a function
of angle of attack for all four airfoil configurations.
Configurations 2 through 4 all have approximately the same
effect on the lift coefficient. These changes are a shift
in app and a sizeable decrease in Comax:-* 7The good
dqreement between the Cimax for the smcoth and rough rime
ice shape sugyests that the stall is caused by the shape.
As seen in figure A-~9, the severe pressure gradients near
the leading edgec probably lead to a leading edge

separation bubble. This accounts for the early separation
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at higher angles of attgck.

The reduced CQmax for the gi{foil with only SUfface
roughness is due to a different mechanism. Here the
rouchness causes a thickening of the boundary laver and
decreases pressure recovery at the trailing edge. This
ultimately leads to early trailing edge separation which
moves forwvard as o increses to cause the reduction in
maximum lift coefficient. The apparent agrecment in cimax
for configurations 2 and 4 is due to the particular k/
and rime ice shape chosen, and should not he interpreted
as a general trend,

Fiqure A-11 shows the measured drao polars for all
four confiqurations. The smooth airfoil is seen to have a
minimum drag cceficient of about 0.086. This is wel)
above the laminar "drayg bucket" values expected for an
airfoil of this type. The brass airfcil model used was
slightly tarnished and therefore did not have the surface
finish necessary to permit long laminar runs.

An increment in drag was seen due to the addition of
sur face roughness. This draq increase was certainly
expected and is of a reasonable magnitude. The reason for
the apparent agreement between the rouah airfoil and the
smcoth ice shape, configurationz 2 and 3, is not obvious.
Most- 1ikely this is not a general result, but again merely

a coincidence resulting from the roughness and the rirge




F

A i

163

ice geometry chosen.

An additional draq increment was measured when
roughness elements were added to themrime ice shape,
configuration 4. This is the simulated rime ice shape.
This increase in drag contrasts the maximum 1lift
cocfficient case were configurations 3 and 4 behaved
similarly. Theretore, while ice shape alone is sufficient
to determine C£max , the surface roughness of the ice must_ _
be modeled to simulate accurately the total drag increase
due -to airfoil rime icing.

The moment coefficient about the guarter point of the
oriqinal airfoil is plotted as a function of 1lift
coefficient irn figure A-12. Configurations 2 through 4
all show a reduction in the nose down pitching moment when
compared to the elean model. The leading edye roughness
as described before thickens the boundary layer and
unloads the aft portion of the airfoil section. Therefore
the nose down pitching moment is reduced. The smooth ice.
shape adds area in front of the nose providing _more nose
up moment, explainina confiauration three's reduction in
nose down pitching moment. The rough ice shape combines
the two above effects, resulting in a sliaghtly larger
reduction in nose down pitchinag moment than that

experienced by the shape alone.
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This test not only provided data to verify the
analysis, but has demonstrated the feasability of

performing siwulated iced airtoil tests in a small scale

wind tunnel facility. The data shov the expected results

of- decreased maximum lift coetfficient and increased dragq
with the simulated ice shape. In addition a reduction in
nose down pitchiné'moment was measured with simulated rime
ice. The pressure distribution: measured for the airfoil
with simulated rime ice are believed to be the first such
data published. These Cp plote provide insight into the

physical phenom»na and detailed information to be used to

evaluate and refine current analytical methods.

Ty
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FIGURE A-6. LEADING EDGE OF SIMULATED RIME ICE MODEL.'.
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FIGURE A-10. LIFT COEFFICIENT AS A FUNCTION OF ANGLE
OF ATTACK FOR THE NACA 65A413 AIRFOIL
WITH LEADING EDGE MODIFICATIONS
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FIGURE A-11. DRAG POLARS FROM THE WIND TUNNEL TESTS OF THE

NACA 65A413 AIRFOIL WITH LEADING EDGE MODIFICA-
TIONS
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FIGURE A-12. MOMENT COEFFICIENT AS A FUNCTION OF LIFT CUEFFICIENT FROM
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THE, WIND TUNNEL TESTS OF THE NACA 65A413 AIRFOIL WITH LEADING
EDGE MODIFICATIONS




